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FOREWORD 


This  report  van  prepared  by  the  Department  of  Engineering  Re- 
aearoh  of  the  Penney  Irani  a  State  University  under  Contraet  No.  AF 
33(6l6)  -436*  7b®  vork  oovered  in  thie  program  was  under  the  super¬ 
vision  of  Mr.  Q.  JL.  Miller.  Mr.  0.  B,  Porter,  and  Lt.  J.  J.  Dieckmann 
of  the  Power  Plant  laboratory.  Directorate  of  Laboratories,  Wright 
Air  Development  Center.  Lt.  Dieokmann  was  the  last  supervisor. 

The  jet  pump  study  as  contained  in  this  report  is  one  phase  of 
the  overall  aircraft  lubrication  system  vork  done  by  Jtennsylvanla 
State  University s  The  work  wae  conducted  under  RDO  No.  534-H5A* 
'Closed  Cirouit  High  Altitude  Turbojet  Engine  Oil  System,*  later 
redesignated  Project  No.  3°&0,  'Engine  Lubrication  Subsystem** 
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ABSTRACT 


A  study  was  made  of  the  oil  jet  pump,  in  partiouiar  the  possibility 
of  application  as  a  soavenge  pump  for  aircraft  engines*  Three  major 
problems  treated  in  the  theoretioal  and  experimental  investigations  are* 

(a)  effeot  of  high  visoosityi  (b)  oavitation  and  altitude  oeiling  oharaoter- 
istiosj  and  (o)  behavior  with  an  air "Oil  mixture  inducted  at  the  suotion 
port* 


An  analytical  expression  is  developed  whioh  describes  pump  perfor¬ 
mance  in  dimensionless  terms*  a  flow  ratio,  a  pressure-difference  ratio, 
the  nozzle  to  throat  area  ratio j  and  two  friotion  loss  coefficients* 

Oil  jet  pump  effioienoy  is  of  the  order  of  25  per  oent  at  high,  Jet 
Reynolds  numbers  (Rjj  ■  10,000  to  30,000)  and  decrease*  only  slightly 
as  Rn  approaches  3,000*  Below  -fois  point  performance  drops  rapidly* 
at  1,000,  efficiency  is  about  10  per  oent* 

Rimp  capacity  is  limited  by  cavitation  under  oertain  oonditiona* 

Based  on  a  correlation  of  test  results  an  aquation  is  developed  expressing 
altitude  oeiling  as  a  funotion  of  cavitation-limited  flow  ratio,  nozzle 
pressure  drop,  and  design  area  ratio*  Operation  at  altitudes  of  60,000 
feet  and  over  is  possible,  but  at  reduced  pump  efficiency* 

The  jet  pump  oan  be  oversized, to  provide  the  exoese  oapaoity  needed 
in  the  dry-sump  system*  Equations  are  developed  for , use  in,  predicting  the 
air  consumption  rate  of  a  jet  scavenge  pump*  as  a  function  the  primary  and 
seoondary  oil  flow  rates  and  the  pressures  on  the  pump.  Agreement  with 
test  results  is  good* 

Variables  in  the  laboratory  program  include  noetle  to  throat  area 
ratio  (eight  pumps),  b  ■  0*1  to  0*6j  nozzle  diameter  0*100  to  0*177  inoh| 
nozzle  pressure  drop  20  to  200  psij  discharge  pressure  up  to  60  psigi 
primary  flow  rate  10  to  60  lbs/rain)  flow  ratio  0  to  4*6}  pres sure -difference 
ratio  0  to  2*6*  Altitude  pressures  were  simulated  to  over  70»°00  foet*  Oils 
used  were  MIL-I^6021A,  Grade  1005j  MIL-L-60S2A,  Grade  llQOf  and  KIL-L- 
7&0S  synthetio  oil*  Oil  temperatures  were  SO  to  190F,  for  a  visooeity 
range  2  to  100  oentistokes*  Nozzle  and  throat-diffuser  friotion  coefficients 
are  correlated  versus  Reynolds  number  from  1*00  to  JOtOQO» 
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INTRODUCTION 


The  jet  pump  or  eductor,  ejector,  injector,  is  a  device  by  means  of 
which  one  fluid  stream  is  pumped  by  the  action  of  a  high  velocity  jet  of 
the  same  or  other  fluid.  The  pumping  process  is  a  result  of  transfer  of  mo¬ 
mentum  from  the  jet  fluid  of  the  pumped  stream-.  The  most  familiar  appli¬ 
cations  are  the  steam-jet  air  ejector  (compressible  flow)  and  the  water  jet 
pump.  The  latter  is  widely  used  as  a  booster  for  water -well  centrifugal 
pumps. 

Oil  supplied  to  aircraft  engines  is  usually  removed  from  the  sumps 
under  the  lubrication  zones  by  one  or  more  scavenge  pumps,  and  returned 
to  the  oil  tank.  This  is  usually  termed  a  "dry- sump"  system:  The  volu¬ 
metric  capacity  of  the  scavenge  pumps  is  1.  5  to  6  times  the  oil  rate  into 
the  engine,  thus  maintaining  a  "dry"  engine.  Some  air  is  normally  pumped 
from  the  sump  with  the  oil  as  a  result  of  the  excess  pump  capacity.  Turbo¬ 
jet  aircraft  engines  contain  from  two  to  as  many  as  a  dozen  scavenge  pumps. 
Each  pump  normally  requires  an  individual  mechanical  drive  arrangement, 
usually  involving  one  or  more  gears  to  take  power  from  the  main  shaft. 

The  Objective.  -  This  investigation  was  undertaken  to  determine  the  feasi¬ 
bility  of  replacing  the  usual  gear-type  scavenge  pump  with  the  jet  pump. 
Three  major  problems  must  be  answered:  (a)  the  effect  of  viscosity,  or  low 
Reynolds  number  on  performance;  (b)  the  upper  limit  of  operating  pressures 
and  velocities  (cavitation);  and  (c)  behavior  with  a  two-phase  mixture  of  air 
and  oil  inducted  at  the  suction  port,  as  in  the  dry- sump  system. 
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CHAPTER  I 


JET  PUMP  THEORY 


A  jet  pump  is  a  device  by  means  of  which  a  fluid  may  be  pumped  by  the 
action  of  a  high  velocity  jet  of  the  same,  or  other  fluid.  The  pumping  action 
is  a  result  of  a  transfer  of  momentum  from  the  jet  fluid  to  the  fluid  being 
pumped. 

Because  of  the  complex  nature  of  the  problem,  development  of  the  theory 
of  jet  pumps  has  been  slow,  particularly  for  compressible  flow.  There  are  a 
large  number  of  references  on  the  subject,  but  the  Contributions  of  Fluegel  (1) 
and  Keenan  and  Newmann  (2)  (3)  are  probably  the  most  significant. 

In  the  case  of  incompressible  flow,  the  analyses  by  Gibson  (4),  Gosline 
and  O'Brien  (5),  Fluegel  (1),  and  Hussmann  (6)  are  of  interest  in  the  present 
problem,  that  of  pumping  lubricating  oil. 

The  objectives  of  the  theoretical  study,  presented  in  detail  in  Appendix  I, 

were: 

a.  To  include  the  effects  of  friction  in  the  form  of  dimens  ion  - 

,  less  coefficients  that  could  be  established  as  some  function 

of  viscosity,  probably  by  means  of  the  Reynolds  criteria. 

b.  To  simplify  otherwise  cumbersomerelations  through  use  of 
"total  head"  pressures,  as  opposed  to  use  of  static  pressure 
terms. 

c.  To  clearly  differentiate  between  unavoidable  mixing  losses 
and  friction  losses. 

Mechanism  of  Pumping  Action.  -  As  a  jet  of  fluid  penetrates  a  stagnant  or  slowly 
moving  fluid,  a  dragging  action  occurs  on  „he  boundary  of  the  jet  between  the 
high-  and  low-velocity  particles.  Mixing  occurs  between  the  jet  fluid  and  the 
low  velocity  fluid;  and  transfer  of  momenta  accelerates  the  latter  in  the  direction 
of  the  flow.  As  the  two  flows  progress,  the  mixture  stream  spreads.  The  un¬ 
disturbed  high  velocity  core  progressively  decreases  in  diameter  until  it  disap¬ 
pears.  (See  Fig.  1).  Confined  by  parallel  throat  walls,  the  secondary  fluid  enters 
a  region  of  decreasing  area,  that  area  being  the  annulus  between  the  mixture 
stream  and  the  throat  wall.  At  the  throat  entrance  the  annular  area  is  the  differ¬ 
ence  between  jet  and  throat  area.  At  the  throat  exit  the  mixture  stream  has 
spread  until  it  touches  the  wall  of  the  throat.  Then  all  of  the  side  fluid  has  been 
mixed  with  the  primary  jet. 
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Assumptions.  -  In  common  with  dher  solutions,  the  approach  may  be  termed 
an  "approximate"  theory,  since  the  details  of  the  mixing  process  are  avoided 
by  use  of  impulse -momentum  relations. 

1.  The  flow  streams  are  one -dimensional  at  throat  entrance  and  exit. 

2.  Mixing  is  completed  in  the  constant  area  throat,  against  an  adverse 
pressure  gradient. 


Derivations  of  the  theoretical  relations  describing  the  behavior  of  the 
liquid/liquid  jet  pump  are  given  in  Appendix  I.  These  results  are  summarized 


Fig.  1 

Nomenclature.  -  A  more  complete  list  is  given  with  the  derivation  in  Appendix  I 
P  static  pressure,  lbf/ft^ 

P  total  pressure,  Ibf/ffc^  ■  ■ 

V  velocity,  ft/sec  f 

g_  gravitational  constant,  lb—ft /lbrsec^ 

J  Penalty,  lbm/ft3 

W  mass  flow  rate,  lbm/sec 

A  cross  sectional  area,  ft^ 

Subscripts.  - 

i 
o 
d 
m 
N 
S 
a 

mep 


nozzle  entry 
side  flow  entry 
discharge,  diffuser  exit 
throat  section 
nozzle 

secondary  or  pumped  fluid 
throat  entry 

maximum  efficiency  point  on  n  vs  0  plot. 
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Dimensionless  Ratios.  - 


b  nozzle  to  throat  area  ratio,  Aj^/  Am 

0  flow  ratio,  WS/WN 

N  pressure  ratio  -  PQ/P^  -  P<j 

R  Reynolds  number 

vp  efficiency,  0N. 

Friction  Loss  Coefficients.  - 

K*  nozzle 

K2  throat -entry 

K3  throat  wall  friction 

*4  diffuser 

K34  throat -diffuser,  K3  +  K4 

Nozzle  Pressure  Drop.  - 

[1  +  Kll 

Output  Pressure  Rise,  Suction  to  Discharge.  - 


(20) 


pd-PQ= 
d  o  2g 


20' 
2b  +-~ 


2b2  2  2 

—  -  (1+K34)  b2  (1+0)2 


02b2  I 

‘  (1+K2)'|i'.b)i  J 

Overall  Pressure  P.op,  Inlet  to  Discharge.  - 

.2  1  ?d2fc2 


(21) 


Pi-Pd 


-  ZZn! 

2g 


(1+k2) 


j^l  +  Kx  -  2b  -  ~ 

1 

^bj2  J 


~ +  (1+K34)b^  (1+0)' 


(22) 


Jet  Pump  Efficiency.  -  Pump  efficiency,  Y7 ,  is  defined  as  the  ratio  of  energy 
output  to  energy  input:  '• 


E  *  WS  (P ,  -  P  )  ft  lbf 
out  -J?"  *0’-^ 

Ein“  ^  (?i  -Pd) 
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(12) 


_  Z234t  _  Fd-P° 

**  ir.  w  —  —  a  0N 

■ein  WN  Pi -Pd 


where  0  is  the  flow  ratio  and  N  is  the  pressure  ratio. 
Dimensionless  Pressure  Ratio,  N. - 


2(j2i-2  -  (j2ijZ 

p,.p.  2b  +  ltb  -  <1+k34>  b2  (l+W  -  U+K2) 

N  g-~-~ — *  - - -  (21\ 

Pi_P^  1  +  Ki  -  numerator  '  ' 

Note  that,  j--  =  and  N  +  1  = 

The  dimensionless  ratios  0  and  N  define  the  performance  of  the  jet 

pump. 

Energy  Analysis 

Included  in  Appendix  I  is  a  study  of  the  energy  relations  in  the  jet  pump¬ 
ing  process.  It  is  shown  that  the  losses  consist  of  the  following: 

A.  Mixing  Loss.  Aloss  of  energy  occurs  when  two  streams  of  dissimilar 
velocity  mix,  as  in  the  throat  of  the  jet  pump.  This  loss  decreases  as,/.' 
the  velocity  of  the  pumped  stream  approaches  thatof  the  jetandtheo- 
retical  efficiency  is  100  per  cent  when  the  velocities  are  equal. 

B.  Jet  Loss.  Experimentally  it  was  found  that  the  pressure  at  the  nozzle 
tip  was  effectively  P0,  the  side  port  pressure,  not  Pa  the  (lower) 
throat  entry  pressure.  A  loss  of  energy^here  teamed  the  "jet  loss" 
results  from  the  flow  of  the  free  jet  from  PG  to  Pa.  The  fact  that 
the  nozzle -tip  pressure  is  evidently  P0  is  attributed  in  large  part  to 
practical  pump  design  configuration:  (a)  side-port  entry  pas  sage  is 
large  in  area,  and  unrestricted  (Figs.  8, 9);  (b)  the  nozzle  tip  is  in¬ 
variably  withdrawn  a  distance  "S"  from  the  throat  entry  proper  (Chapter  V). 

*  It  is  possible  that  the  contour  of  the  throat  entry  could  be  designed 
...  so  as  to  partially  utilize  the  jet  loss  energy.  It  is  quite  real,  however, 
for  pumps  used  herein,  efficiencies  of  which,  (20  to  30  per  cent)  are 
representative  of  practical  jet  pumps  in  general  use. 

C.  Friction  Losses.  These  consist  of  nozzle,  thf-oat  entry,  throat, 
and  diffuser  looses  and  are  accounted  for  with  coefficients  Kj, 

K2,  K3,  and  K4.  Because  of  minor  effect,  and  the  difficulty 

of  measuring  it,  Kg  is  assumed  zero.  K3  and  K4  are  both  based 
on  throat  velocity  Vm,  and  are  conveniently  combined  as  K34. 

Friction  losses  are  thus  expressed  by  and  K34  only. 
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Expressions  for  mixing,  jet,  and  friction  losses  are  included,  Eqs.  26, 

27 j  19^  as  well  as  an  equation  for  total  losses  in  the  jet  pump,  Eq.  28,  Appen¬ 
dix  I.  Theoretical  pressure  ratio  N,  and  efficiency  ,  are  plotted  versus 
flow  ratio  0,  in  Fig.  2.  Three  sets  of  curves  are  included  for  operation  under 
conditions  A,  B,  and  C  above.  Efficiency  is  of  course  highest  under  assumption 
A.  With  the  jet  loss  included  the  efficiency  reaches  a  maximum  of  42  per  cent. 
Inclusion  of  friction  losses  reduces  peak  efficiency  to  20  to  30  percent,  range 
common  in  practice. 


Design  Selection  of  Area  Ratio  b 

As  shown  by  the  C  curves  in  Fig.  2  for  b  =  0.  5,  the  pressure  ratio  (and 
hence  discharge  pressure)  decreases  with  flow  ratio  0.  This  and  the  corre¬ 
sponding  efficiency  curve  are  similar  to  the  performance  curves  for  a  centrif¬ 
ugal  pump.  As  the  discharge  pressure  is  increased,  the  quantity  pumped  de¬ 
creases,  until  at  the  cut-off  point,  secondary  flow  ceases  (0  *  0). 

The  design  area  ratio  b  determines  the  discharge  pressure  versus  flow 
ratio  characteristic.  In  Fig.  3  theoretical  characteristic  curves  are  given 
for  assumed  friction  loss  coefficients  of  *0.1  and  *  0.  3, ( approximately 
the  minimum  encountered  in  testing  oil  jet  pumps).  At  a  particular  value  of 
0,  several  b  values  will  function,  but  only  one  yields  optimum  performance, 
i.  e.  ,  maximum  efficiency.  All  of  the  N  vs.  0  curves  are  bounded  by  an  envelope 
curVe  which  is  the  locus  of  maximum  N  values  at  any  0.  Similarly,  an  envel¬ 
ope  curve  across  the  top  of  the  efficiency  curves  is  the  locus  of  maximum 
efficiencies  with  the  assumed  friction  factors  0.  1  and  0.  3.  An  envelope  curve 
may  be  computed  directly,  as  shown  below. 

Optimum  Area  Ratio  b.  -  This  is  found  from  Eq.  23  for  N  and, 


The  result  is  a  fifth  order  equation  in  b,  with  only  one  friction  coefficient,  K^. 
With  y  =  (1+K34),and  =  0,  this  equation  for  optimum  b  is: 

-  b5  [y  (l+0)2]+ b4  [l-02  +  4y  (1+0)2] 

-  b3  [  4-402  +  6y  (1+0)2] 

+b2  [  6  -402  +  4y  (1+0) 2 J 

-b  [4  -  02  +  y(l+0)2]  +1  *  0  (30) 

For  the  special  case  of  no  side  flow,  0*0,  Eq.  30  reduces  to 


_ 1 

I+K34 


(30a) 
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Differentiation  of  Eq.  21  to  find  optimum  b  for  maximum  energy  output, 


yields  the  same  Eq.  30  for  b.  In  other  words,  selection  of  b  via  Eq.  30  will 
yield  both  maximum  N  and  maximum  energy  output*  for  given  0  and  K  values. 

To  avoid  the  laborious  calculations  of  b  from  Eq.  30,  the  solution  is 
presented  graphically  (vs.  0)  in  Fig.  4.  This  clearly  demonstrates  that  (a) 
the  design  area  ratio  decreasea  as  desired  flow  ratio  increases,  and 

(b)  at  any  flow  ratio  the  optimum  area  ratio  decreases  as  the  friction  increases. 
For  example,  the  optimum  area  ratio  at0*l.OisbuO.  293,  but  for  high  fric¬ 
tion  losses,  say  K34  ■  1.0  (as  with  very  viscous  oils)  the  optimum  area  ratio  is 
only  b  »  0,142.  Of  course  the  corresponding  pump  efficiency  will  be  lower  in 
the  case  of  high  friction,  but  it  will  be  the  highest  available,  1.  e.  ,  no  other  b 
value  would  improve  efficiency  at  fhe  subject  flo*^  ratio,  0  *1.0,  with  *  1.  0. 


The  heavy  line,  K34  *0.3,  is  recommended  for  general  (high  Reynolds 
number)  use.  Example:  what  value  of  b  should  be  used  to  handle  a  flow  ratio  > 
of  0  *  1.  0,1  with  K34  *  0.3?  Answer:  bQpt  *  0.  227. 


*  Optimum  Flow  Ratio,  0mep  ' 

■■  •"  ff-  ' 

For  any  given  area  ratio  b  and  friction  factors  K}  and  K34,  pump  effi¬ 
ciency  versus  flow  ratio  0  (or  quantity  pumped,  for  constant  Wj^),  passes 
through  a  maximum.  This  particular  value  of  flow  ratio  0mep  is  fcund  from 

.4  •«*.-  •  ■'  ,  ■' 

r  20N  .  "  -  *  .  -  ' 


ahd  the  result  is,  withfl+Kj)  *  s,  Kj>  »  0,  and  (I+K34)  *  y: 


*  If  the  jet  loss  is  not  recognized,  ^  N/  "2  b  *  0,  using  Eq.  13  for  N,  will  pro¬ 
duce  a  fifth  order  equation  for  b0_t  dependent  on  K’j  as  well  as  K34.  Justifi¬ 
cation  for  the  simpler  form,  (including  jet  loss)  is  that  it  predicts  actual 
performance  far  better. 
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04  _  b4  1  - 

1 

+ 

.  2<y+2)  2 

v  mep  D  J 

(l-b)4 

(Tbp 

(l-b)2  1-b 

+  03  b4  ! 

• 

-4y2 

• 

¥  mep 

(l-b)2 

L. 

1-b 

J 

+  02  „b2 
mep 

jHb)2 

4b 

(1-b)2 

3z  + 
(Tbp  + 

4yb2  8b 

1-b  1-b* 

+  4yb  -  3yz 

+  0mepb2  f-4yZb2  +  8vb  -  4yz 


j 


6z 

1-b 


- 6y2b2 


-y2b4  +  4yb3  -  yzb2  -  4b2  +  2zb  *  0 


(31) 


The  maximum  efficiency  flow  ratio  is  dependent  on  K^,  K^4  and  b. 


Theoretical  0mep  values  calculated  from  Eq.  31  were  compared  with 
test  values  for  eight  jet  pumps  with  good  correlation. 

Approximate  Solution  for  0mep-  ~  previous  work  (12)  it  has  been  noted  that 
maximum  efficiency  occurs  when  the  mixture  momentum  equals  the  jet  mo¬ 
mentum,  WxVm  *  WnVn.  In  dimensionless  terms  this  yields 


0 


mep 


1 

4b 


(32) 


That  this  simple  equation  does  predict  maximum  efficiency  0  quite  well  was 
confirmed  by  the  tests  in  this  work.  Eq.  32  gives  approximately  the  same  values 
as  Eq.  31  for  low  friction  flows,  i.  e.  ,  Kj  34  less  than  about  0.  35.  (See  Table  3.  ) 


Maximum  Flow  Ratio,  0O 


In  plotting  theoretical  characteristic  curves,  or  in  selecting  a  pump  for 
an  application,  it  is  helpful  to  determine  the  maximum  capacity.  As  shown 
by  Figs.  2  or  3,  this  occurs  at  N  *  0.  Ey  equating  energy  out,  0(P<j  -P0).  or 
PjJ-Pq  Eq.  21,  or  N,  Eq.  23,  to  zero  and  solving  for  0,  a  quadratic  equation 
is  obtained  permitting  direct  calculation  of  0O,  as  follows  (K2  *  0): 


(1+K34)  (1-b)2  -  4  (1-b)2  -  K34(3b2  -  8b  +  7  -  2/b) 

+  K34(l-b)2j 


(33) 
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A  graphical  solution  to  Eq.  33  is  presented  (vs.  b)  in  Fig.  5  for 
values  from  0  to  1.  0.  Incidentally  for  frictionless  flow  Eq.  33  reduces  to 
0O  *  1-b/b,  which  will  be  recognized  as  the  condition  for  zero  mixing  loss. 


Envelope  Curves 


The  family  of  characteristic  curves  in  Fig.  3,  for  *0.1  and  K34  *0.3 
shows  that  peak  efficiency  declines  somewhat  at  extreme  low,  and  high,  b 
values.  The  relations  between  N,  %  ,  0,  and  b  for  the  jet  pump  are  shown  in 
Fig.  6.  These  curves  were  constructed  as  follows: 


1.  Assume  Kj  ■  0. 1  and  K34  *  0.  3. 

2.  For  a  series  of  fixed  values  of  0,  calculate  bop$  from  Eq.  30 
(or  see  Fig.  4). 

3.  Calculate  N  and  n  -  0N  for  each  pair  of  0  -  b0pt,  with  Eqs.  23 

and  12.  ' 

The  results  appear  in  Table  1.  and  Fig,  6. 


Table  1.  N  and  t) 

versus  0  for  Optimum  b  Value 

iq  *  0.1, 

K34  *0.3,  Kz  *  0 

v  Ratio  Optimum 

b  N 

If*  0N 

*  b°pt 

•«  '  7  ' 

Per  Cent 

0.24  0.500 

0.840 

:) 

20.3 

0.3  1  0.435 

0.722 

21.6  , 

0.5  0.330 

0. 493 

24.7 

1  0.227 

7  0.269 

26.9 

2  0.127 

0.132 

26.4 

5  0.0461 

/  0.0434 

"  21.7 

This  ^  vs.  0  curve  is  the  envelope  curve  for  the  family  of  efficiency  curves 
in  Fig.  3.  The  N  vs.  b  and  N  vs.  0  curves  show  the  maximum  obtainable 
pressure  ratio  under  the  given  friction  condition.  The  latter  is  the  envelope 
curve  for  the  family  of  N  curves  in  Fig.  3. 


Dual  Optimum.  -  Note  that  two  optimizing  equations  between  b  and  0  have  been 
presented:  Eq,  30  (Fig.  4)  for  bopt  at  a  particular  0;  and  Eq.  31  for  optimum 
0mep  at  a  particular  b  value.  Optimization  at  one  friction  condition  is  a  func¬ 
tion  of  two  variables,  thus  forming  a  three  dimensional  surface.  For  Kj  *  0, 1 
and  K34  *0.3  the  optimum  combination  is  very  nearly  b  *  0.  2  operating  at 
0  *1.2.  The  corresponding  efficiency  is  *7  »  2?  per  cent,  with  N  *  0.  225.  For 
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this  case  alone,  bDpt  -  0  and  0mep  -  b  are  identical.  Note  that  the  y  curve  for 
b  «  0.  2  is  tangent  to  the  envelope  curve  at  its  maximum  point,  whereas  larger  b 
value  curves  are  tangent  at  0<0mep»  an<*  smaller  values  at  0>  0mep* 

Similar  analyses  were  made  at  other  friction  conditions  with  the  results 
tabulated  below.  The  pump  with  area  ratio  b  *  0.  2  operating  at  0  *  1.  2  re¬ 
mained  the  best  "dual  optimum"  condition. 

Table  2  Envelope  Curve  Study 

Assumed  Max.  j? 

Friction 


K,  *  0.  05 
K34  -  0.  10 

K,  *  0.  10 

K34  *  0.  20 

K,  -0.10 

K34  *  0.  30 

Kj  a  0.  20 

K34  s  0.  40 


37.  5 

30.5 

27,0 

22.  0 


It  has  been  suggested  previously  (5, 11)  that  the  N  vs.  0  characteristic 
curve  be  approximated  with  a  straight  line.  Inspection  of  Figs.  3,  10  to  14, 
shows  that  the  N  -  0  line  is  slightly  concave  down,  at  b  *  0.1, linear  at  b  ■  0.  2 , 
and  concave  up  for  larger  b  values.  Thus,  particularly  jfor  b  <0.  3,  this  line¬ 
arity  approach  is  quite  useful.  A  straight  line  on  N  vs.  0  coordinates  is  drawn 
between  0O  (Eq.  33  or  Fig.  5)  on  the  abscissa  and  NQ  on  the  ordinate.  NQ  is 
/  calculated  from  Eq.  23,  which  reduces  to  the  following  at  0  a  0. 


N0  » 


2b  -  (1+K34)  b2 
1  +  Kj  -  numerator 


(23  a) 


The  efficiency  curve,  =  0N  will  be  a  parabola;  the  following  relations  al&o 
apply^if  N  vs.  0  is  linear; 


N  »  N0  -  e0 


(34) 


where  e 


the  slope 


$mep  s 

YIAD0  TJR  55-1^3 


(35) 


10 


(36) 


f  =  0Nq  -  e02 


fmax 


NO0O 

"“3“ 


(37) 


In  Appendix  3  this  approximation  is  compared  with  NQ  and  0O  values  versus 
b  from  Reference  11. 
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CHAPTER  n 


TREATMENT  OF  EXPERIMENTAL  DATA 
COMPARISON  WITH  THEORY 


In  the  course  of  this  work  eight  jet  pumps  of  varying  design  and  with 
area  ratios  from  b  3  0.1  to  0,6  have  been  tested.  Performance  testing  in¬ 
cluded  jet  Reynolds  numbers  from  500  to  30,000,  nozzle  pressures  20  to 
200  psig,  viscosity  5  to  100  centistokes,  nozzle  diameters  0.100  to  0.177  inch. 

Test  Procedure.  -  Testing  a  jet  pump  consists  of  measuring  three  pressures, 

Pj,  PQ,  Pd,  and  the  two  flow  rates,  Wjq  and  Wg.  Generally  a  test  is  made  at 
a  selected  nozzle  flow  rate  Wjj  and  side  port  pressure  PQ.  There  exists 
for  each  pump  a  unique*  relationship  between  back  pressure  Pd  and  side  flow 
rate  Wg  much  the  same  as  for  a.  centrifugal  pump, discharge  of  which  is 
similarly  dependent  on  back  pressure.  The  test  is  made  by  varying  Pd  from 
the  "cutoff"  pressure  Where  Wg  *  0,  to  the  Minimum  obtainable  (back  pressure 
:  valve  wide  open).  At  a  number  of  operating  points,  usually  about  10  to  15  for 
each  performance  curve,  these  three  pressures  and  two  flow  rates  are  recorded. 
'■  Fig.  7  shows  the  test  stand  flow  circuit.  Primary  flow  was  supplied  with  a 
■  positive  displacement  putnp  driven  by  a  variable -speed  D.  C.  motor. 

v  .  Vj  •  •  •  ’  •  -  •  f 

Experimental  Jet  Pumps.  -  In  order  to  investigate  design  variables,  primarily 
area  ratio  b  and  spacing  S,  the  pump  shown  in  Fig.  8  was  designed.  It  con¬ 
sists  of  one  body  with  three  interchangeable  nozzles  and  three  throat -diffuser 
sections  of  similar  design.  Thus  up  to  nine  jet  pumps  can  be;,aesembletf  in  the 
one  body.  Additional  throat -diffuser  sections  were  made  to  check  effect  of 
throat  length  and  throat  entry  shape.  All  diffuser  angles  were  8  degrees,  total 
included  angle. 

A  commercial  pump  of  conventional  conic  nozzle  and  throat  design  was 
also  employed,  with  two  nozzle  sections  and  provisions  for  varying  the  spacing 
S.  See  Fig.  9. 

M  '  “  r 

All  pumps  are  identified  by  three  numbers,  e.  g.  ,  No.  141/318/308.  The 
numbers  refer  to  nozzle  diameter,  throat  diameter,  and  nozzle -to-throat 
spacing  in  thousandths  of  an  inch. 
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Calculations.  -  Pressures  are  converted  to  psig  units,  flows  to  lb/min  rates. 
The  pressure  ratio  N  is  then  calculated  from 


N  =  Pd'P( 


Pi-Pd 


which  is  the  experimental  counterpart  of  the  theoretical  Eq.  23.  The  pressures 
are  supposed  to  be  total  heads,  but  in  all  of  the  work  velocity  heads  have  been 
negligible,  thus  permitting  substitution  of  static  pressures. 

In  Fig.  10  these  measured  N  values  are  plotted  versus  flow  ratio  0  for 
pump  No.  173/224/020,  b  =  0.6.  Test  conditions  are  included  on  the  curve 
sheet.  The  solid  N  and  -  0N  curves  are  theoretical,  and  are  discussed  below. 

Similar  performance  curves  (at  high  Reynolds  numbers)  are  presented  for 
b  =  0.534,  0.4,  0.2,  and  0.1  in  Figs.  11,  12,  13,  and  14.  Results  with  b  =  0.133, 
0.1736,  and  0.30  were  virtually  identical  with  those  given,  and  are  omitted  to 
conserve  space.  (Numerical  results  are  given  later  in  Table  3.  ) 


Calculation  of  Friction  Coefficients.  -  From  measured  values  of  Wj^,  Wg,  P^, 

P Q,  and  P^,  friction  coefficients  Kj  and  K34  were  calculated  from  the  theoretical 
relations,  repeated  below: 


K1  * 


Pj  -  Pq 

f  V 

2g 


-  1 


K 


34 


b(l+0)2 


+  l-2b  0^ 
(l-b)2  (1+0)2 


(17) 


N 

(Pj-P 0)  n+1 

-£.Vb2(1.Ht)2 


(14) 


From  continuity,  VN  *  WN/ f  Ajsj,  or 

fV n2  _  0.  002326  Wn2 
2g  *  sg  dN4 


where  is  the  primary  flow,  lb/min,  sg  is  fluid  specific  gravity,  and  dN 
is  nozzle  diameter,  inches.  Note  in  Eq.  14  that  Pd-PQ  is  obtained  from 

N+l  ^Pi~po)  *  Pd'po 

where  N  is  read  from  a  smoothed  curve  at  the  selected  0.  Of  course  Pd  -  P0 
could  also  be  obtained  from  a  plot  of  directly  measured  values,  at  the  0  in 
question. 
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The  throat -diffuser  coefficient  was  calculated  for  each  test  at  the  "oper¬ 
ating  flow  ratio".  This  was  taken  as  0  ~  2/3  0mep»  from  inspection  of  each 
experimental  N  -  0  plot.  So  far  as  Kj  is  concerned,  flow  ratio  was  immaterial, 
since  P^-P0  was  in  general  unaffected  hy  0*.  Sample  calculations  of  K34  and 
appear  in  Appendix  2. 

Theory  versus  Experiment.  -  The  validity  of  the  theoretical  analysis  was 
tested  by  calculating  N  -  0  curves  for  each  test,  using  measured  Kj  and  K34 
values.  This  of  course  ensured  agreement  at  the  one  now  ratio.  If  the  theo¬ 
retical  curve  and  data  agree  at  other  flow  ratios ,  the  theory  iB  verified.  Sxiccess 
or  failure  is  evidenced  by  the  agreement  of  data  with  the  theoretical  curve  at 
0  greater  and  less  than  the  "match  point"  0,  where  K34  was  calculated  from 
experiment. 


Discussion  of  Theory  vs.  Experimental  Results 

Examination  of  Figs.  8  to  12  shows  that  the  theory  agrees  quite  well 
with  actual  test  results,  i.  e.  ,  the  experimental  points  agree  with  theory  curve 
over  a  wide  range  of  flow  ratios.  The  sudden  break  in  the  data  points,  and 
departure  from  theory,  at  high  flow  ratios  ia  the  result  of  cavitation.  This 
phenomenon  is  covered  in  detail  in  a  later  chapter. 

'  It  will  be  noted  that  the  experimental  data  points  fall  above  the  theory 
at  flow  ratios  approaching  zero,  for  the  smallest  area  ratios,  b  *  0.  2  and  0.  1, 
Figs.  11  and  12.  This  behavior  was  also  noted  for  pumps  No.  141/387/311 
(b  *  0.133)  and  No.  100/240/445  (b  «  0.1736). 

The  difference  at  low  flow  ratios,  a  maximum  at  0  *  0,  is  attributed  to 
departure  from  the  theoretical  assumptions.  Separation  of  the  jet  from  the 
throat  wall,  or  rather  failure  of  the  flow  to  conform  with  the  throat  wall  until 
well  beyond  the  entrance,  could  reduce  friction  and  account  for  the  fact  that 
actual  performance  slightly  exceeds  theoretical  prediction  at  0  values  near  zero. 

The  error  is  small,  and  on  the  conservative  side.  (Comparison  of  mea¬ 
sured  and  theoretical  efficiency  curves  shows  practically  no  difference,  since 
both  approach  zero  with  0(n  *  0N). 


Summary  of  Basic  Performance  TeBts 

In  Table  3,  below,  the  results  of  performance  tests  of  the  elglit  jefc  pumps 
are  summarized.  All  tests  are  at  high  Reynolds  numbers  and  probably  represent 
maximum  efficiency  performance,  i.  e.  ,  minimum  fraction  factors  for  the  size 

*In  one  test  only  (No.  183)  where  spacing  was  sub-normal,  Pj  did  decrease  by 
about  5  per  cent  at  the  maximum  flow  ratio.  Otherwise,  with  constant  PQ,  P- 
was  always  unaffected  by  Wg  or  0.  1 
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cage  «,ith  turbulent  flow  in  pipes,  friction 
of  pump  in  question.  As  *s  the  c  Reynolds  numbers.  (See  next 

factors  decline  toward  minimum  values  at  high  Reynoias  num 

Chapter . ) 

C5'l4ylH;t 

ination  of  the  K34  column  reveals  that  measure-  -  ^4 . . . . . . 

creases  ,  for  these  tests  at  high  Reynolds  numbers. 
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CHAPTER  HI 


CORRELATION  OF  MEASURED  FRICTION  COEFFICIENTS 


One  of  the  primary  questions  to  be  answered  in  judging  the  feasibility 
of  using  a  jet  pump  in  a  lubrication  system  is  that  of  the  effect  of  viscosity. 

As  developed  below,  tests  show  that  pump  efficiency  is  affected  relatively  little 
by  viscosity  down  to  a  jet  Reynolds  number  of  about  3, 000.  Below  this,  per¬ 
formance  decreases  so  rapidly  that  operation  in  the  laminar  region  should  be 
avoided. 

The  Effect  of  Viscosity.  -  To  simulate  low  temperature  operation,  blends  of 
Grades  1005  and  liOGbil  (identified  as  A,  B,  C)  were  used  at  controlled  tem- 
peratures  from  80-  to  200  F.  Viscosity  and  specific  gravity  data  are  given  in 
Figs.  43  and  44  .  In  Fig.  15,  N  Characteristic  curves  are  given, for  two  jet 
pumps  at  several  viscosities.  The  uppermost  N  -  0  line  for  each  pump  is  the 
"normal"  pressure  ratio  characteristic.  The  depression  of  the  31  centlstoke 
curve  is  quite  different  between  the  100/240/445  and  141/316/408  pumps.  The 
reason  of  course  Is  the  difference  in  Reynolds  numbers,  which  are  noted  at 
the  right  of  the  curves.  As  shown  below,  performance  declines  rapidly  with 
Reynolds  number  when  Rjg  <  3, 000.  (Loss  in  efficiency  due  to  lowering  of 
N  values  is  quite  evident,  since  ^  ■  0N). 

if .  1  1  •.  !  •  "  . 

Additional  tests  with  different  velocities  soon  confirmed  that  Reynolds 
number ,  not  viscosity,  governed  performance  when  viscous  effects  are  large. 

'■  .....  _  ,  •  '  '  ‘ ■  ‘  . 

Reynolds  Numbers 

The  jet  pumping  process,  a  momentum  interchange,  depends  upon 
turbulent  mixing  on  (he  primary  and  secondary  streams.  Turbulence  can  per¬ 
sist  only  when  the  viscous  stresses  in  the  flow  are  insufficient  to  damp  out 
local  fluctuations  in  velocity. 

Reynolds  Similitude.  -  By  means  of  dimensional  analysis  it  can  be  shown  that 
in  the  nozzle,  and  in  the  throat  and  diffuser,  the  dynamic  pattern  of  flow  will 
depend  upon  the  value  of  the  Reynolds  number.  The  Reynolds  number  expresses 
the  relative  importance  of  viscous  action,  being  a  ratio  of  inertial  to  viscous 
forces.  In  any  two  flows  inwhich  viscosity  plays  an  important  role,  dynamic 
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similitude  exists  when  the  boundaries  are  geometrically  similar,  and  the 
Reynolds  numbers  are  the  same. 

Apart  from  the  simpler  flows  in  the  nozzle  and  diffuser,  the  complex 
jet  mixing  process  itself  depends  upon  a  "stability  parameter"  (7),  which 
resembles  a  Reynolds  number.  Whether  or  not  turbulent  mixing  occurs  between 
a  free  jet  and  the  surrounding  fluid  depends  on  the  value  of  the  etability  parame¬ 
ter.  As  in  the  case  of  the  transition  from  turbulent  to  laminar  pipe  flow  at  a 
Reynolds  number  of  about  2100,  a  critical  value  exists  for  the  free  jet. 


The  case  of  the  jet  pump  is  complicated  by  the  fact  that  the  mixing 
occurs  in  an  adverse  pressure  gradient,  and  is  confined  by  the  parallel  walls 
of  the  throat.  The  latter  will  be  a  stabilizing  influence,  tending  to  delay  the 
onset  of  turbulent  flow  (8). 


Since  both  the  mixing  process  and  the  nozzle,  side  entry,  and  diffuser 
flows  may  be  expected  to  depend  upon  Reynolds  number ,  measured  values  of 
loss  coefficients  have  been  correlated  versus  either  the  jet  Reynolds  number 
Rj^  or  the  throat  Reynolds  number  ,  *m-  '  l  , 

Calculation  of  Reynolds  Numbers.  -  Reynolds  numbers  are  calculated  from 
test  data  as  follows: 

„  In  Sm  «  i.  Iil  1 

rN  ■  V  7T  J>  Dnv) 

where  Vjj,  Djj.and  Wjq'are  in  units  of  lbm,  ft,  and  seconds.  This  may  also  be 
written 

_  379. 1  WN 

N  *  *8  dN 
With  Wjj  »  lbm/min 

eg  *  specific  gravity  of  fluid 

^  =  kinematic  viscosity,  centistokes 

dpf  8  nozzle  diameter  in  inches 

By  continuity  the  throat  Reynolds  number  is, 

Rm  *  *Tb(l  +  0)  RN  (39) 


It  is  interesting  to  note  that  Rm  *  R^  for  0  * 


Vb 


-  1,  which  is  the  condition 


for  equality  between  throat  and  jet  momentum.  As  mentioned  in  Chapter  II 
this  forms  a  good  approximation  to  0mop.  At  high  Reynolds  numbers  at  least. 
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wan  always  found 


the  throat  Reynolds  number  Rm  at  the  experimental  ^roe, 
to  be  quite  close  in  value  to  the  jet  Reynolds  number  Rj^. 

Experimental  Results 

Values  of  nozzle  coefficient  calculated  from  teat  results  are  plotted 
vs.  nozzle  Reynolds  number  Rjj  in  Fig.  16.  These  data  consist  of  values 
from  42  performance  test  on. eight  jet  pumps  plus  a  few  nozzle  tests.  Included 
are  coefficients  for  (a)  three  nozzles  with  elliptical  profile  (Fig.  8):  dj^  *  0,100, 
0.141,  0.173  in. ;  and  (b)  for  two  nozzles  with  conical  approach  profile:  djg  *  0.100, 
0. 177  in.  (Fig.  9). 

In  general  Kj  varies  inversely  as  R^j  to  about  the  one -half  power^  from 
500  to  20*000.  Although  these  data  are  insufficient  to  show  it,  it  would  be 
expected  that  this  relation  would  fail  at  very  high  Reynolds  numbers;  where  Kj 
probably  approaches  a  constant  value  (independent  of  R>j).  Kj  *  0.1  is  probably 
a  good  general  assumption  for  this  case. 

Size  Effect.  -  As  would  be  expected,  the  smallest  nozzle  exhibits  the  highest 
loss  coefficient,  i.  e.  ,  has  the  lowest  efficiency,  at  any  one  value  of  Rj^. 

If  coefficients  are  available  in  the  literature  for  a  particular  nozzle 
selected  for  a  jet  pump  design,  these  may  be  applied  directly. 

Values  may  be  taken  from  Fig.  16  for  design  use.  These  curves  will 
be  somewhat  conservative  for  application  to  larger  nozzles  (d^>  0.177  in.  ). 

Throat -'Diffuser  Coefficient.  -  K34  values  are  plotted  versus  throat  Reynolds 
number  Rm  in  Fig.  17.  These  values  are  based  on  some  42  tests  (an  eight  jet 
pumps,  using  three  mineral  oil  blends  and  a  synthetic  oil. 

Referring  to  Fig.  17  the  following  points  of  interest  are  noted: 

1.  Friction  increases  rapidly  for  Rm<  3, 000,  where  K34  2S£  900 /Rm. 

•1 

2.  A  horizontal  line,  K34  *  0.  3,  best  represents  results  for  R,^  3,  000. 

3.  There  is  an  indication  that  K34  vs.  Rm  dips  to  a  minimum  (0.  2) 
at  about  5,000  and  then  rises  again  to  0.  34  or  0.4  at  Rm  *  15,000. 

Data  are  insufficient  to  warrant  a  conclusion,  however. 

4.  At  high  Reynolds  numbers  (15,000-20,000)  pumps  with  large  ar'ea 
ratios  ,  b  *  0.  3,  0.4,  0.  534,  0.  6  showed  K34  ■<  0.  3.  For  pumps 
of  small  area  ratios,  0.  2,  0.174,  0.133,  0.10,  K34>  0.  3. 
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Efficiency  versus  Reynolds  Number .  -  Rapid  estimates  of  maximum  pump 
efficiency  may  be  made  using  the  approximate  solution  in  Chapter  I,  Eqs,  23a 
(N0),  33  (0O)  and  Eq.  37,  %nax  *  No0o/4.  (This  approximation  is  based  on 
the  assumption  that  N  vs.  0  is  a  straight  line.  It  is  quite  accurate  for  area 
ratios  in  the  vicinity  of  b  *  0.  2). 

With  and  K34  values  taken  from  the  heavy  line  curves  in  Figs.  16 
and  17,  efficiencies  v/ere  calculated  via  Eq.  37  at  R  values  from  500  to  20,000. 
(at  0inep»  Rjvj. )  Results  appear  in  Table  5  and  are  plotted  vs.  Rm  in 

Fig.  17. 


Table  5,  Calculated  Efficiencies  vs  .  Reynold)?  Number 


®\N,  m 

Kj* 

K34 

«o 

No 

£*  N0«0/4 
Per  Cent 

20,000 

0.  10 

0.30 

2.49 

■'  0,.  463 

28.  8 

7,000 

0.20 

0.30 

2. 49  ; 

0‘.  409 

25.4 

3, 000 

0.33  ■; 

0.  30 

2.49  / 

0.  354 

22,  0 

2,000 

0.43 

0.45 

2.  14 

0.314 

16.8 

1,000 

C.  66 

A  a 

W.  / 

1.54 

0.242 

9.32 

700 

0.82 

1.3 

*  1.20 

,  0.218 

6.55 

500 

1.0 

1.8 

0. 96 

0.168 

4.04 

300 

i.4 

3.0 

0. 60 

0.  Ill 

1.66 

'  ■  ■ ,  /  ..  if  '  /  .  ;  ..  ,  ' 

*  Kj^,K34  values  from  heavy  line  curves,  Figs,  16  and  17. 

The  efficiency  curve  in  Fig.  17  is  representative  of  the  actual  test 

,/  results.  As  the  Reynolds  number  is  increased  above  3,000,  only  a  slight  gain 
in  performance  results;  this  is  due  to  the  decline  in  nozzle  coefficient  K,. 
feelow  3,000,  both  Kj  and  K34  are  increasing,  and  efficiency  drops  off  rapidly. 
Operation  here  should  be  avoided  if  possible. 

Effect  of  Oil  Used.  -  As  shown  by  Table  4,  these  measurements  of  K  values  in¬ 
volved  the  use  of  MIL-L-6801A  Grade  1005  oil,  three  blends  of  Grade  1005  plus 
MIL-L*6802A,  Grade  1100  oil,  and  MIL*L*7808,  a  synthetic  oil,.  At  sinjiilar 
viscosities  (through  temperature  control)  all  oils  gave  essentially  the  same  per¬ 
formance.  (As  shown  in  Chapter  IV,  oil  composition  did  affect  cavitation  slightly. ) 

The  importance  of  the  synthetic  oil  to  future  lubrication  systems  warrants 
a  special  comparison.  Experimental  N  values  vs.  0  were  the  same  for  blend  C 
and  MIL -L -7808  synthetic  oil,  within  experimental  accuracy.  Test  data,  and 
calculated  K  values  for  blend  C  and  for  synthetic  oil  (under  similar  conditions, 

Rn  JSJ  20,000)  appear  as  Tests  179  sndl90in  Table  4,  Kx  values  were  0.100  and 
0.  096,  K34  values  were  0.  358  and  0.  337,  for  the  mineral  blend  and  the  synthetic 
oil,  respectively. 
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Effect  of  Altitude,  -  The  theoretical  developments  in  Chapter  I  and  Appendix  1 
show  that  pump  performance  is  dependent  on  pressure  differences,  and  not  on 
absolute  or  gage  pressures.  All  of  the  data  cited  so  far  in  this  report  was  taken 
with  side  port  or  suction  pressure  PQ  within  one  psi  of  tank  pressure.  The  tank 
was  normally  vented  to  the  atmosphere  (except  when  cavitation  testing  was  un¬ 
derway).  Local  ambient  pressure  corresponds  to  about  1,200  to  1,400  feet  al¬ 
titude  in  the  NACA  table  (Ref.  13. ). 


"H 

;1 


Fig.  18  compares  performance  of  pump  No.  141/316/308,  at  1, 420  and 
at  12,000  feet  altitude  (tank  pressure  10  inches  Hg,  below  atmospheric).  The 
two  N  curves  are  identical  except  for  the  cavitation  -  limited  flow  ratio,  0l« 
which  is  lower  for  the  altitude  test.  This  test,  as  well  as  many  performance 
tests  at  altitudes  to  70,000  feet  made  in  the  cavitation  study,  confirm  the 
theoretical  independence  of  the  jet  pump  from  altitude,  pr oviding  the  pump  is 
not  cavitatlng. 

Effect  of  Pump  Size.  -»•'  Pipe  friction  factors  are  dependent  on  the  relative  rough¬ 
ness  of  the  wall,  as  well  as  on  Reynolds  number  (14).  Size  also  affects  nozzle 
coefficients  (8,9).  This  effect  has  already  been  demonstrated  by  Fig.  16  for 
nozzle  diameters  from  0.100  to  0.177  inch.  To  investigate  the  effedt  of  size  on 
the  overall  pump  performance  the  interchangeable  Tee  jet  pump  was  assembled 
and  tested  with  b  =  0.  20,  with  three  different  sizes  of  nozzle  and  throat-diffusers. 
Results  are  summarized  in  Table  6.  Note  from  the  pump  code  numbers  that 
nozzle  diameters  are  O.IOQ,  0.141,  and  0.173  inch,  with  proportional  throat  diam¬ 
eters.  Conclusion;  In  range  tested,  size  exerts  essentially  no  effect. 

-.1,  ,  '  ■ 

Table  6.  Size  Effect  oft  Jet  Pump  Performance 

Area  Ratio,  b  *  0.  20 

Oil  MIL-L-780$,  Synthetic,  190,150, 135F. 

Nominal,  Rjj  «  20,000 


Jet 

Test 

Norn. 

N 

Nat 

?mep 

* l  max 
per  cent 

"•  ... .v  • 

Pump 

No. 

No. 

lb /min 

i*! 

>sig 

at  0sQ  !. 

:i 

0  *  0.9 

100/224/190 

208 

20.  78 

‘  92 

0.  50 

0,  28  1 

1.1 

26.2 

141/316/308 

190 

44.6 

ido 

0.48 

0.  28? 

1.1 

25.6 

173/387/219 

206 

66.8 

100 

0.50’ 

0.29 

1. 1 

26.  8 

Effect  of  Nozzle -to -Throat  Spacing.  -  This  design  variable  "S"  is  not  included 
in  the  theory;  it  must  be  determined  experimentally.  Although  this  subject  is 
covered  in  some  detail  in  Chapter  V  the  effect  of  S  on  the  meas*irement  of  K34 
should  be  mentioned  here  in  connection  with  the  K34-Rm  correlation  study. 
Particularly  for  larger  area  ratios  (b>  0.  3),  the  agreement  between  test  and 
theory  with  change  is  0  is  affected  to  some  extent  by  the  spacing  S. 
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The  K34  data  in  tables  3  and  4,  plotted  in  Fig,  17,  are  only  from  tests 
for  which  there  was  good  agreement  at  high  Reynolds  number  between  theo¬ 
retical  and  experimental  N  -  0  curves,  i.  e.  ,  S  was  at  or  near  optimum  for 
every  test.  (Adjusting  S  for  maximum  efficiency,  also  yielded  the  best  match 
between  theory  and  experimental  results.  This  agreement  is  important,  since 
the  correlation  sought  is  K34  vs.  Rm:  0  should  not  affect  K34. ) 
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CHAPTER  IV 


CAVITATION  IN  THE  OIL  JET  PUMP 


A  second  major  question  to  be  answered  in  evaluating  the  jet  pump  as 
an  aircraft  engine  scavenge  pump  is  that  of  the  upper  limit  of  practical  oper¬ 
ating  pressures  and  velocities.  ^ 


From  thf;  standpoint  of  size  and  weight  of  the  pump  and  associated 
plumbing*  it  would  be  desirable  to  operate  at  very  high  flow  ratios,  i.  e.  , 
pomp  a  large  amount  (Wg)  from  the  engine  with  a  small  primary  flow  (Wjsj).  As 
shown  in  Fig.  3,  large  ratios  may  bs had  by  using  small  design  area  ratios  of 
the  order  of  b  =  0.1  os  0.2. 


The  price  paid  for  a  high  0  characteristic  (high  relative  capacity)  is  loss 
of  output  pressure  capacity;  N  values  for  small  b  pumps  are  low.  Since 


Pd  -po  =  j&f  <Pt  -po>.  '  . ;  MO)-  ■  '  / 

progressively  higher  inlet  pressures  P|  must  be  used  to  obtain  a  given  output 
in  pressure  P<j,  as  b  is  reduced.  The  use  of  high  nozzle  pressures  of  course 
'  means  high  jet  velocities. 

As  shown  below,  high  jet  velocities  and/or  low  suction-port  absolute 
pressure  results  in  cavitation.  This  disturbance  places  definite  limits  on 
pump  capacity.  An  experimentally  determined  cavitation  function  is  established 
permitting  the  design  of  jet  pumps  for  high-altitude  operation. 


A.  Evidence  and  Consequences  of  Cavitation 


Assume,  for  ease  of  discussion,  a  pump  operating  with  fixed  Wjj  and 
PQ.  The  amount  of  fluid  pumped,  Wg,  is  then  controlled  entirely  by  the  dis¬ 
charge  or  bach  pressure  P4.  (In  this  way  the  performance  tests  reported  here¬ 
in  were  conducted. )  As  P<j  is  reduced,  Wg  and  hence  0,  normally  increases 
to  the  limit,  0O,  determined  by  the  design  area  ratio  b,  Conversely,  raising  F4 
will  reduce  Wg  and  0  toward  zero  flow.  An  increase  in  above 'tut -off 'Will 
result  in  rejection  of  primary  fluid  from  the  side  port. 
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The  relation  between  the  three  pressures  P^,  P0,  and  Pd,  and  the  two 
flows  Wjj  and  Wg  is  uniquely  determined  by  the  N  -  0  characteristic  curve, 
whether  primary  flow  or  side  port  pressure  are  constant  or  varying.  Note 
again  that  N,  which  fixes  0  on  the  applicable  characteristic  curve,  is  a  ratio 
of  pressure  differences,  N  *  (Fjj-PpJ/^P* -Pd):  it  is  independent  of  absolute 
pressures. 

The  Cavitating  Jet  Pump.  -  Under  certain  conditions  of  high  jet  velocity  the 
normal  experimental,  and  theoretical  response  of  Wg  to  change  in  Fd  fails. 
Below  a  critical  value  of  backpressure,  Wg  attains  a  fixed  value  independent 
of  Fd,  termed  "limiting  flow",  Wgj^.  The  corresponding  "limiting  flow  ratio'" 

*»«V  •'  '  i  . 

Fig.  19  shows  several  performance  tests  with  limiting  flow.  In  Fig.  19  A 
it  was  caused  by  raising  the  no2zle  pressure  drop  from  39.  5  to  99  pBi.  PQ 
was  atmospheric  in  both  cases.  In  Fig.  19  B  limiting  flow  was  caused  by  thrott¬ 
ling  the  side  port  pressure  below  atmospheric.  These  oil  jet  pump  curves  bear 
marked:  resemblance  to  cavitating  water  jet  pump  curves  (5). 

Further  examples  of  limiting  flow  were  presented  earlier  in.  Pig.  10 
through  14  covering  jet  pumps  with  b  *  0.  1  to  0.  6.  All  of  these  high  Reynolds 
number  tests  were  made  with  P*  k  80  to  100  pui;  all  exhibited  limiting  flow. 

As  shown  by  the  vertical  dashed  line,  efficiency  7)  *  0N,  drops  toward 
zero.  |  "v,,/ ’ . 

■  ■ '  ,■ i.  .  ’  ■»  ■  -  ’  v. 

*  ® Observations  with? Transparent  Jet  Pump 

"  In  order  to  determine  where  cavitation  occurs  in  the  jet  pump  and  how 
it  results  in  limiting  flow,  a  ' 'two-dimensional "  jet  pump  whs  constructed 
from  Sheets  of  clear  plastic  as  shown  in  Fig.  20. 

The  nozzle  and  throat  areas  were  selected  to  approximate  jet  pump  , 

No.  100/240/445.  The  throat  of  the  lucite  pump  1b  square,  1/4  by  1/4  inch, 
with  a  diffuser  divergence  angle  of  IQ  degrees,  The  nozzle  approach  consists 
of  a  metal  cylindrical  "nose"  which  projects  between  the  ohe-tnch  outer  lucite  " 
slabs.  The  hole  in  the  tip  is  a  slit  0.  050  inch  wide  by  0,  230  inch;  which  forms 
a  ribbon-shaped  jet  perpendicular  to  the  place  of  the  pump. 
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Performance.  -  At  pj  ■  150  paig,  the  transparent  pump  behaved  quite  like 
the  conventional  cylindrical  pump,  including  limiting  flow.  Maximum  efficiency 
was  of  the  order  of  only  10  to  15  per  cent.  This  is  attributed  to  the  unusual 
nozzle  shape,  and  the  large  internal  surface  area  in  contact  with  the  flow  Btream. 

Visual  Evidence  of  Cavitation.  -  Limiting  flow  waa  accompanied  by  the  presence 
of  a  "front"  in  the  throat  of  the  pump.  From  the  point  of  mixing  to  the  front 
the  fluid  appeared  as  a  gray  foam.  Acroae  the  well  defined  front  a  sudden 
change  to  a  lighter  color  occurred. 

Figs.  21  and  22  consist  of  photographs  of  the  pump  in  four  stages  of 
cavitation,  caused  by  progressively  lowering  the  back  pressure  (labeled  pfe 
in  these  pictures).  The  second  picture  shows  the  cavitation  front  near  the 
throat  entry,  p^  ■  22.  5  psia.  As  is  reduced  to  21  and  17  psia  in  the  last 
two  pictures,  the  front  moves  deeper  into  the  throat;  but  WgL,  *  40  lb/min 
for  all  cases  with  the  front  in  the  throat.  Onset  of  limiting  flow  coincided 
with  the  appearance  of  the  cavitation  front  at  the  throat  entry. 

•'  .  ■  .  . 
High-Speed  Flash  Lighting.  -  The  use  of  a  high-speed  electronic  flash  tube 
(General/ Radio  Corp.  Strobolux)  operated  at  about  30  flashes  per  second  con¬ 
siderably  aided  interpretation  of  cavitation  phenomena.  Although  the  light  was 
not,  of  course,  "synchronized",  to  the  human  eye,  it  froze  the  action  momen¬ 
tarily.  Color  change  across  the  cavitation/front  was  reversed:  from  light 
foam  to  dark  liquid  oil.  A  '  ..'  '■  ;i  , 

Incipient  Cavitation.  -  Under  stroboscopic  lighting  the  nozzle  or  primary  flow 
rate  was  gradually  increased.  Up  to  a,  nozzle  pressure  of  about  30  psig,  pri-  / 
mar y  and  secondary  streams  were  clear.  At  33  psig  (jet  velocity  about  50  ft /sec) 
the  first  signs  of  cavitation  appeared  alt  the  jet  boundary:  small  bubbles  which 
grew  and  collapsed.  At  the  same  time  (a)  a  distinct  cavitation  whistle  was  de¬ 
tected,  and  (b)  bubbles  were  first  found  in  the  diffuser.  The  latter  is  evidently 
a  result  of  air  evolved  in  cavitation  and  not  yet  re-dissolved  in  passage  through 
the  diffuser  of  the  jet  pump.  V 

Choking  .Flow,  -  Further  increase  in  jet  velocity  increased  the  width  and  length 
of  the  cavitation  disturbance;  more  and  more  air  bubbles  could  be  seen  in  the 
diffuser.  Not  until  the  cavitation  "void"  filled  the  throat  entrance,  did  "choking" 

flOW  OCCUr.  I 

High-Speed  Flash  Pictures  of  Cavitation,  -  Four  stages  of  cavitation  are  • 
shown  in  Fig.  23.  These  pictures  were  made  with  a  miniature  camera  at  £4.  5 
lens  opening  on  Super  XX  film.  "Opeh-flatth"  technique  was  used.  The  high¬ 
speed  flash  (40  microseconds)  was  obtained  with  a  General  Radio  Corp,  "Strobo¬ 
lux"  unit,  wired  for  push-button  single -flash  use. 

In  the  top  picture  the  jet  velocity  is  slightly  above  that  corresponding  to 
incipient  cavitation.  The  air  cavities,  although  slightly  blurred,  are  quite  evident 
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The  gray  cast  in  the  diffuser  is  the  result  of  the  air  released  in  cavitation  and 
not  yet  completely  redii solved. 

*** 

The  second  picture  was  taken  at  the  point  of  choking  or  limiting  flow. 

The  cavitation  disturbance  has  grown  sufficiently  to  fill  the  throat  entrance. 

No  change  in  the  cavitation  whistle  was  noted  at  this  point. 

Further  increase  in  cavitation  intensity  moves  the  cavitation  front 
downstream  as  shown  in  the  two  bottom  pictures.  The  increasing  amount  of 
fine  air  bubbles  released  from  solution  as  cavitation  intensity  increases,  is 
indicated  by  the  gradual  change  in  gray  shading  of  the  diffuser  fluid,  from  the 
top  to  the  bottom  picture.  Both  primary  and  secondary  streams  enter  the 
pump  free  of  entrained  air.  A  sight  glass  in  the  discharge  line  several  feet 
from  the  diffuser  showed  clear  oil  again.  The  air  had  re  dissolved  in  the  oil. 

Pressure  Jump  at  Cavitation  Front. The  transparent  jet  pump  was  provided 
with  three  static -pressure  taps  in  the  throat  section.  See  Figs.  20  to  23.  By 
controlling  the  back  pressure  the  cavitation  front  could  be  positioned  between 
two  of  the  taps.  With  a  total  flow  of  the  order  of  50  Ib/min. ,  the  pressure 
was  observed  to  suddenly  increase  by  as  much  as  11  or  12  psi  across  the  front. 

This  jump  is  apparently  the  result  of  a  sudden  deceleration  of  the  liquid 
oil  particles  at  the  front.  It  is  suggested  that  primary  and  secondary  oil  partic¬ 
les  travel  from  throat  entrance  to  the  cavitation  front  in  "free  flight",  surrounded 
by  air,  vapor,  and  foam.  At  the  capitation  front  the  "void'1  collapses  and  the 
liquid  decelerates,  filling  the  throat  section.  ;  Calculations  of  pressure  recovery 
based  pn  this  hypothesis  agree  well  with  the  observed  pressure  jumps.  The 
pressure  relations  are  also  affected  to  some  extent  by  the  evolution  and  solution 
of  dissolved  air.  Cavitation  is  known  to  be  effective  in  releasing  air  from 
v solution.  Also,  air  dissolves  relatively  more  slowly  than  it  evolves  (15). 

Other  vork  with  the  transparent  jet  pump  included  control  of  primary 
flow  air  content,  operation  y/ithout  side  flow,  operation  on  water,  and  use  of 
the  pump  body  as  a  cavitating  venturi.  Results  are  summarized  below. 

Summary  and  Conclusions 

1.  Cavitation  first  occurs  at  the  jet  boundary  near  the  nozzle  exit.  Upon 
visual  appearance  of  cavitation, 

a.  A  whistle  is  detected,  and 

h.  Air  bubbles  appear  in  the  diffuser. 

2.  An  increase  in  jet  velocity,  or  a  decrease  in  mixing  zone  pressure  causes 
the  region  of  disturbance  to  spread  and  extend  downstream  toward  the 
throat.  Oil  in  diffuser  becomes  increasingly  cloudy  from  air  bubbles. 
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3.  Limiting  or  choking  flow  occurs  when  the  throat  entry  is  blocked  by  the 
cavitation  disturbance. 

a.  At  lower  jet  velocities  or  higher  mixing  zone  pressures  limited 
cavitation  may  occur  but  with  small  effect  on  pump  performance. 
Limiting  flow  is  not  present,  i.  e.  ,  Wg  responds  to  variation  in  Pd. 

b.  Higher  jet  velocities  or  lower  mixing  zone  pressures  cause  the 
cavitation  front  to  move  downstream  in  the  throat. 

c.  The  side  flow  Wg  is  independent  of  whenever  the  cavitation 
front  is  present  in  the  throat  regardless  of  its  position. 

v  .  ’■  _  .  ir 

4.  A  sudden  increase  in  static  pressure  occurs  across  the  cavitation  front 

of  the  order  of  ll.psi  for  the  transparent  jet  pump.  This  can  be  accounted 
for  as  the  pressure  rise  accompanying  a  rapid  deceleration  of  the  liquid 
■  phase.’  : 

5.  Dissolved  air  content  of  the  primary  or  jet  stream  has  little  or  no  effect 

on  the  inception  of  cavitation,  nor  on  the  pumping  performance.  An  in¬ 
crease  in  air  content  does  cause  a  slight  receding  of  the  front  when  cavi¬ 
tation  is  present  in  the  throat.  I 

'  "  J:  ,  vVj  :  '  .  itl 

6.  Cavitation  fronts  were  observed  in  the  throat  without  side  flow  (0  *  0)  under 
conditions  of  high  Jet  velocity  and  low  back  pressure.  The  pressure  jump 
was  similar  in  magnitude  to  that  with  secondary  flow. 

7.  In  appearance  and  performance  the  cavitating  water  Jet  pump  seems  to  be 

identical  with  the  oil  pump.  A  pressure  increase  occurs  across  the  cavi¬ 
tation  front,  and  released  air  content  in  the  diffuser  increases  as  cavita¬ 
tion  intensity  increases.  . 

8.  The  cavitation  disturbance  in  a  venturi  with  parallel  throat  is  similar  to 

that  in  the  jet  pump s  the  appearance  is  the  same,  and  the  pressure  jump 
across  the  cavitation  front  is  again  observed.  . 

It  is  believed  that  satisfactory  explanations  of  limiting  flow,  the  appear¬ 
ance  of  the  cavitating  zone,  and  the  pressure  jump  across  the  cavitation  front 
have  been  established.  Of  course,  the  mechanism  of  cavitation  remains  a 
complex  problem  --  particularly  so  when  dealing  with  a  non-pure  substance 
such  as  a  hydrocarbon.  What  triggers  the  collapse  of  the  cavitation  zone  in 
a  sharply  defined  front  remains  unknown. 
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C.  Limiting-Flow  Theory  and  Teats 


From  the  continuity  relation  and  the  side  flow  energy  equation  (4) 
in  Appendix  I,  , 


WS=  /ASaVSa 


Eq,  40  refers  to  the  throat-entry  where  the  secondary  flow  stream  area  is 
assumed*  to  be  Aga  =  Am  -  Ajj,  the  pressure  is  Pa,  and  the  velocity  of  Ws 
I  i-  Vga.  Thus,  Wg  is  determined  by  Pp-Pa.  Limiting  flow  Wgjj  would  occur 

|  if  the  throat  entry  pressure  reacted  a  fixed  minimum,  Pa  =  Pc.  If  this  con- 

\  i  jecture  is  correct,  Eq.  40  shows  that  \ 

VgL^  and/or  Wgj^  values  plotted  versus  P0-Pc  should  be  linear* 

This  linearity  was  shown  to  be  true  for  the  cavltatijig  water  jet  pump 
(5),  where  Pc  was  taken  to  be  the  vapor  pressure  of  water,  Py. 

v.  ■  .  .  .  ..  „  ■  *.  -  .  ■  ■  V  •  •  • 

Oil  Cavitation.  7  Compared  with  water,  oil  cavitation  is  complicated  by  two 
differences:.  ■  . 

1.  Lubricating  oil  contains  up  to  15  per  cont  by  volume  of  dis¬ 
solved  air  which  eyolvea  in  proportion  to  a  decrease  in  abso¬ 
lute  pressure.  Wa|er  contains  about  one  tenth  the  amount. 

;•  V  ■  i'i  "  -•  •  6  il  •  .;  •’  ..  ..  '  X  ,  ■■ 

...  2  <  A  hydrocarbon  lubricating  oil  is  a  mixture  of  many  fractions  of 
different  vapor  pressure.  In  general,  oil  vapor  pressures  are 
quite  low  (15).  /  ..  ■■  3 

Limiting  Flow  versus  pq,  absolute  Pressure.  -  In  the  absence  of  a  known 
critical  pressure,  limiting  flow  data  for  cavitating  oil  jet  pumps  were  plotted  j 
against  absolute  suction  port  pressured  WgL^  vs,  p0.  Such  curves  for  several 
pumps  formed  essentially  straight  lines,  usually  passing  through  the  origin  of 
coordinates.  The  magnitude  of  WgL  at  any  one  pressure,  of  course,  depends 
on  the  size  of  the  pump,  and  the  area  ratio  b. 


*  The  primary  stream,  or  jet,  is  assumed  to  enter  the  throat  with  area  equal 
to  nozzle  area  Ajsj.  Jet  spreading  or  mixing  before  throat  entry  is  ignored. 

+  Lower  case  p  refers  to  psi  units ,  capital  P  is  lbf/ft2 
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Limiting -Flaw  Function,  Y.  -  Converting  limiting  flow  data  to  a  velocity  basis 
by  dividing  by  flow  stream  area,  Aga,  eliminates  pump  size  and  reduces  all 
data  to  a  common  basis  as  shown  below.  By  definition  the  limiting  or  "choking*1 
velocity  of  the  secondary  fluid  entering  the  throat  is, 


vSij  = 


WSL 

Sa 


WSL  b 
f  AN  i  -b 


(41) 


The  Limiting -Flow  Function,  Y,  is: 


Y  -  f?**1 

m  2g 


144  /  2g  AN*  (l-b)*  P 


The  theoretical  value  of  Y  is, 


(42) 


Y  m  PO  “  Pc  4 

1  +  K2  • 

Test  Procedure.  -  Limiting  flow  is  indicated  by  the  sharp  break  in  the  N  -  0 
or  ^  -  0  experimented  curve.  Once  limiting  flow  is  reached,  further  reduction 
in  back  pressure  Pd>  hence  N,  has  no  effect- on  WgL  or  0^,.  This  simplifies 
test;  procedure:  pumps  are  operated  at  fixed  primary  flows,  Wj^,  with  back 
|  pressure  valve  opened  wide  to  provide  minimum  P,j.  Limiting  flows  WgjL,  are 
:/  then  read  from  the  sideflow  rotameter  versus  the  independent  variable  pD.  v. 


>  ■  /  ..  ....  .  .  V  ,  ■  •  '  /  •  ”,  •  ’  '  ;  . 

WgL  values  were  converted  to  Y  functions  (in  pf/i)  with  Eq.  42  and  plotted 
ag&'.iat  auction  port  pressure.  Fig.  24  shows  the  results  for  tests  on  three 
pumps  of  area  ratios ,  0,  20,  0.  30  and  0.  534.  (Pump  details  Figs.  8  and  9. ) 

The  oil  was  MLL-L-6081A,  Grade  1005.  T  values  fo^r b  o.  30  are  lowest,  ;  . 

b  =  0.  20  in  the  middle,  and  points  for  b  *  0.  534  are  highest.  This  is  attributed 
primarily  to  effect  of  nozzle -to -throat  spading  S.  As  shown  in  the  next  chapter, 
f  an  extra  large  spacing  suppresses  the  onset  of  limiting  flow,  at  low  pQ  values, 

The  relation  Y  =»  0,  68  pQ  appears  to  represent  the  general  experimental  correlation 

In  this  test  p0  values  were  obtained  by  evacuating  the  entire  (closed)  oil  „ , 
circuit,  including  the  overhead  oil  tank.  Tank  pressure  and  suction  port  pres¬ 
sure  are  essentially  equal  (the  gravity  head  compensates  flow  losses).  The 
results  in  Fig. 24  simulate  high-altitude  oil  system  operation.  Dissolved  air 
is  r  e  due  e  d  as  the  tank  pressure  ill  reduced. 
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Control  by  Throttling  Side  Flow.  -  Suction  port  pressure  can,  of  course,  be 
depressed  simply  by  closing  a  valve  between  the  tank  and  the  pump.  Fig.  25 
shows  Y  values  for  tests  made  this  way.  The  oil  tank  was  v-r*ted  to  atmos  - 
pheric  pressure  at  all  times.  Consequently  the  oil  may  be  regarded  as  saturated 
with  air  at  one  atmosphere.  Comparison  of  the  line,  Y  -  0.  68  p0,  with  the 
curve  in  Fig.  25  shows  how  higher  dissolved  air  content  aggravates  cavitation. 

At  pQ  ~  4  psia,  Y  iii  about  25  per  cent  below  that  for  the  "altitude"  tests.  Fig. 

24,  where  air  was  removed  by  maintaining  the  tank  under  vacuum.  This  dif¬ 
ference  shows  why  high-altitude  operation  should  be  simulated  with  the  entire 
system  under  altitude  pressure,  net  by  throttling  the  pump.  This  applies  to 
conventional  rotary  pumps,  and  to  lube  and  fuel  system  tests  in  general  as 
well  as  to  the  problem  at  hand. 


Effect  of  Oil  Properties.  -  As  shown  above  the  maximum  or  critical  inflow 
velocity  depends  on  p0  -  pc,  where  pc  is  some  minimum  value,  (the  vapor  / 
pressure  in  the  case  of  water).  Y,  as  divorced  from  pump  size,  would  be  t 
expected  to  be  a  function  of  fluid  properties  such  as  vapor  pressure,  air-  lj 
solubility  constant,  viscosity  and  perhaps  surface  tension.  As  shown  by  Figs.  24 
and  25, temperatures  of  100  and  150  F  gave  the  same  results, 


The  currently  approved  synthetic  (diester)  oil  MIL-L-7800  has  an  ex¬ 
tremely  low  vapor  pressure*  that  should  suppress  cavitation  (raise  Y)  if  . 
"vapor'*  cavitation  causes  limiting  flow,  ” 


Vapor  pressure  apparently  exerts  little  effect  on  cavitation:  In  Fig:  26 
Y  vs.  p0  data  for  Grade 1005  oil  are  compared  with  similar  data  taken  with  f 
MIL-L-7808  oil.  These  tests,  as  well  as  other,  here  omitted,  show  essentially 
no  difference  between  the  two  oils.  Release  of  dissolved  air  or  "air  cavi- 


tation"  is  apparently  the  mechanism  of  limiting  flow,  not  vapor  cavitation. 

Temporary  Cavitation  Suppression  by  Air  Removal.  -  By  operating  the  entire 
oil  system  under  high  vacuum  for  a  prolonged  period,  most  of  the  air  can  be 
stripped  out  of  solution.  Y  values  are  nearly  doubled  by  this  procedure  as 
shown  by  Fig.  27,  at  B.  The  C  to  D  portion  of  the  test  consisted  of  taking  a  ! 

series  of  Wgy.  readings  its  tank  and  p^  pressure  was  increased  in  a  rapid 
"dive"  to  sea  level  conditions.  The  top  of  the  loop  shows  that  a  Y  value  of 
over  15  psi  was  reached.  After  a  few  minutes  operation,  air  sdubility  equilibrium 
was  again  established  and  Y  dropped  to  10  psi,  closing  the  loop.  Synthetic  oil 
was  used  in  this  test.  This  hysteresis  loop  effect  was  also  noted  for  Grade  1005 


*  Vapor  pressure  of  the  synthetic  oil  at  300  F  is  only  0. 1  compared  to  80  mm 
Hg.  for  Grade  1010  oil  (16).  Vapor  pressure  of  Grade  1005  oil  is  not  available, 
but  is  well  above  80  mm  Hg. 
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oil  -  -but  to  a  leaser  degree.  Here  the  difference  in  vapor  pressures  probably 
plays  a  more  important  role. 

Note.  -  The  displacement  of  Y  in  Fig.  27  is  a  transient  effect:  after  several 
minutes  atone  pQ  value,  limiting  flow  returns  to  the  normal  or  equilibrium  value. 
With  the  exception  of  Fig.  27  care  was  exercised  in  all  limiting-flow  tests  to 
obtain  reproducible  data.  values  were  measured  in  both  directions,  i.  e.  , 

while  slowly  reducing  pQ,  and  again  during  return  of  pQ  to  atmospheric  pressure. 
Identical  values  of  Wg^  weire  obtained  both  ways. 


D.  Significance  of  the  Limiting -Flow  Function’ 


Limiting  flow  is  important  to  jet  pump  design  when  it  curtails  the  oper¬ 
ating  flow  ratio,;  0Op.  Usual  procedure  calls  for  pump  operation  at  a  flow 
ratio  near  0mep»  the  maximum  efficiency  point.  If  ^mep»  special  con¬ 
sideration  must  be  given  to  the  cavitation  problem.  Given  Y,  0^  can  be  pre-l 
dieted  for  any  pump. 


Combined  with  0^  *  Wgjw/ Wj^,  Eq.  42  may  be  rearranged  as  follows: 


This  relation  describes  the  limiting  flow  problem:  0^  is  dependent  oh  h, 
Y,  and  jet  velocity.  Theoretically,  T 


l  .  -  J,  .  1  +  K2  .  .  •.  *  •  ,  /;  •  ■  \  l  ;  *  v,  ..  /- 

and  the  limiting-flow  tests  (Fig.  24)  show  that  ¥  *  0.  68  p0,  approximately. 
The  jet  velocity  term  may  be  replaced  with  the  nozzle  pressure  drop  by 
(Eq.  20).  These  changes  produce:  ...  v  '! 


where  pressures  are  psia. 

Limiting -flow  ratio  0^  can  be  improved  by: 

a.  Increasing  suction-port  absolute  pressure  p0.  Entrance  velocity 
depends  on  p0-pa}  an^  Pa  **  a't  a  minimum  under  cavitating  con¬ 
ditions. 
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b.  Increasing  the  relative  area  of  the  secondary  flow  stream, 
Aga/AN  *{l-byb,  by  enlarging  the  throat  (reduce  b). 

c.  Reducing  the  jet  velocity  (reduce  Pi~p0). 


Effect  of  Jet  Velocity.  -  If  the  jet  pump  is  operating  under  limiting  flow 
conditions,  the  throat -entrance  velocity  of  the  secondary  fluid  is  at  a  maxi¬ 
mum.  Increasing  jet  velocity,  as  by  increasing  Wjyj,  will  not  affect  Wg^. 
Limiting  flow  ratio  will  decrease  inversely  to  Wft. 


Fig.  28  in  a  plot  of  performance  versus  nozzle  flow  rate,  pump  suction 
at  14.1  psia.  Alt  about  Wftf  *  15  lb/min,  limiting  flow  was  reached:  the  throat 
entrance  presses  was  reduced  to  "pc"  the  critical  value.  Beyond  this  point 
WSL  is  constant!,  f  decreases.  In  this  case  limiting  flow  first  occurred  at 
a  nozzle  pressure!1  drop  of  about  70  psi.  As  shown  below!,  this  depends  on  p0, 
and  will  occur  at  lesser  pressure  drops  as  the  altitude  is  increased. 


if  7  ' 
?.t 


The  function  Y  »  0.  68  pQ  is  of  concern  only  if  the  jet  velocity  is  suf¬ 
ficiently  high  to  depress  the  throat  entrance  pressure  to  the  critical.  This 
can  be  checked  by  jfcalculating  Ygp  for  the  design  condition  of  the  pump, 
assuming  no  cavitation.  From  Eq.  44,  but  with  Yop  in  place  of  Y  »  0.  68  p0: 


•op 


Pi-P< 


2g 


i+ki 


0op2b2 

(l-b)i 


If  this  value  is  less  than  Y  »  0.  63  p0,  the  pump  is  not  at  the  critical  condition. 
Performance  will  be  independent  of  absolute  suction-port  pressure,  and  affected 
only  by  pressure,  ratio  N.  Fig.  29  shows  Y  vs.pQ  for  a  pump  with  low  jet 
velocity:  (pj-pQ)  s  40  psi.  Note  that  at  p0  *  10  psia,  experimental  Y  values 
become  constant  at  7.  0  psi.  This  is  predicted  by  the  equation  above.  Under 
the  test  conditions  (at  sea  level)  the  flow  ratio  was  eop  ■  i.  78.  With  m  0.1, 
b  *  0.2,  **:■  '  /  ;;  “  >  "  !.  v 


p  masL 

op  8  1,1 


(1.  78) 


ifJL 1) 

(1-0.2/ 


■  7. 1  psi 


The  jet  velocity  is  so  low,  that  at  sea  level  limiting  flow  does  not  occur, 
pQ  =  10  psia  limiting  flow  starts. 


At 


E.  Altitude  Ceiling 

As  a  scavenge  pump  in  an  aircraft  engine,  the  suction  port  absolute  pressure 
may  be  assumed  equal  to  the  altitude  pressure.  Thus  p0  will  be  14.  7  psia 
at  sea  level  and  only  1.  047  psia  at  60,000  feet  (13). 
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Equation  44  may  be  arranged  to  express  minimum  suction  port,  henc  e 
altitude,  pressure: 


p0  -  fL2  1)2  <PfP°>  (44a) 

(l-b)2  0.68  (1+iq) 

At  the  "altitude  ceiling"  the  operating  flow  ratio  0Op  equals  the  limiting  flow 
ratio:  {fQp  =  (?l,  by  definition.  Assuming  that  normal  design  procedure  pro¬ 
vides  for  0Op^2/3  0mep,  then  *  2/3  0mep*  ^  Chapter  I  a  useful  (approxi 
mate)  relation  between  $mep  and  b  was  presented: 


1  -  \Tb 

sfb 


Under  these  conditions, 


0^2  =  and  Eq.  44a  becomes 


4  (lWb)*  b  (Pi-pQ) 
9  <l-b)4  0.68  (1+S^) 


Minimum  pQ  is  expressed  only  in  terms  Of  area  ratio  b  and  the  nozzle  pressure 
drop.  Eq.  45  is  expressed  graphically  at  the  top  of  Fig.  30  for  area  ratios 
b  '*  0.1  to  0.  6  and  nozzle  pressure  drops  of  20  to  200psi.  The  nozzle  coefficient 
was  assumed  to  be.  K|  *  0.1.  The  dashed  portion  below  40  psi  and  above  150 
psi  indicate  extrapolation  beyond  the  range  covered  in  establishing  Y  ■■  0<  68  pQ. 

.  '  •  .  'i  •  >(  j'1  "  • 

Even  for  b  *0.1  the  altitude  ceiling  is  seen  to  be  only  35, 000  ft  for  Pi~P0* 
100  psi;  and  50,000  feet  for  pj-p0  *  50  pfi.  Larger  area-ratios  are  even  ;"7 ■  ‘ 
more  limited,  i 7  7  v.-  -  •  .  - . - . -  "  : .  7.7  "  7'  .a  ,-i  ,7.. .• 


Reduced  Flow  Ratio.  -  A  considerable  reduction  in  minimum  p0  is  Obtained  by 
reducing  the  operating,  hence  limiting,  flow  ratio.  For  example  if  op  *  1/4 
0mep»  instead  of  i£  0mep,  Eq,  45  becomes  7  -  ~  _  :  7 


to  (0 
U/4) 


po  IF  (l-b)2  0.68  (l+Ki)  '4* 

Note  that  pt>  is  proporti&nal 
^op/^mep'  ’  which  appears  as  the  coefficient  (2/3)2  *  4/9  in  Eq.  45,  and 
4)2  *  li.6  in  Eq.  45a,  Altitude  ceiling  with  the  lower  flow  ratio  expressed 


in  Eq.  45a  is  considerably  improved,  as  shown  at  the  bottom  of  Fig.  30.  Here 
the  ceiling  on  a  pump  with  b  =  0.1  is  over  60,000  feet,  even  with  Pi«pQ  *  200  psi. 


WJ)C  TR  55-145 


35 


Inspection  o f  Fig.  3  or  Figs.  10  to  14  shows  that  at  0Op  *  1/4  0mep, 
efficiency  is  about  10  to  12  per  cent.  This  compares  with  21  to  22  per  cent 
at  0Op  »  2/3  0mep.  Obviously  the  procedure  followed  above  could  be  reversed: 
values  of  0op/^mep  could  be  calculated  as  a  function  of  altitude,  b,  and  Pi-Po* 


Jet  Pump  Characteristics  at  60,000  Feet.  -  If  a  minimum  value  of  pQ  is  set, 
as  by  selecting  60,000  feet  as  the  altitude  ceiling,  maximum  allowable  nozzle 
pressure  drop  can  be  calculated  directly  as  a  function  of  area  ratio  b.  Eq.  44 
may  be  arranged  as  follows : 


(1-b)2  (1+Ki)  0.68  p0 

Pi-Po" 


(44b) 


Again,  0jl  m  0op  could  be  found  by  the  approximate  relation  for  0mBp  as  a 
function  of  b.  Since  high  Reynolds  number  performance  curves,  N  and  jjp  vs. 

<0,  are  available  from  this  work  (see  Figs.  10  to  14)  they  will  be  used  instead. 

Let  0op  *  1/4  0mep  where  0mep  *s  the  flow  ratio  at  peak  efficiency.  For 
example,  Fig.  13  shows  that  0mep  ■  1  2  for  b  *  0ii  2,  hence  let  0l  *  0O  * 

1/4x1.  2  *0.3.  At  0  *  0,  3,  N  «  0 .  4 ,  Tj  »  12  percent.  Following  this  pro¬ 
cedure,  Eq.  44b  was  calculated  for  b  a  0.  1  to  0.6,  with  pD  *  1.047  (60,000 
feet),  and  Kj  *0.1.  The  limiting  nozzle  pressure  drop  is  plotted  versus  b  | 
in  Fig.  31.  It  declines  from  208  psi  at  b  *  0.  1  to  89  psi  at  b  *  0.  6.  Using 
the  N  values  from  the  experimental  curves  at  0op  *  1/4  0mep,  maximum  dis¬ 
charge  pressures  were  calculated  for  each  maximum  nozzle  pressure  drop: 

V J  ’  .'V- . i  '  I -i  «  .. 

|  Pd-Po  *  n+t,  {Pi-Po!  ...  .  J!  - 

lfi6- -makiiWum^  rise,  p^-po,  is  plotted  versus  b  in  Fig;  31. 

Note  that  it  is  much  less  sensitive  to  area  ratio:  Maximum  p^-p0  ■  31.  8  psi  ” 
at  b  «  0. 1  and  59.  4  psi  at  b  *  0.6.  The  reason  for  this  is  the  fact  that  N, 
hence  N/N+l,  increases  rapidly  with  b,  while  maximum  rj- p0  decreases  with 
f  b.  The  two  changes  compensate  each  other.  - 

!"■  X,.  Under  "ceiling'conditions,  pump  discharge  pressure  is  increased  at 
the  expense  of  0,  by  increasing  b.  •: -■'the  top  curve  in  Fig.  31  shows  that  0Op 
declines  from  0.  55  at  b  *  0,  1  to  only  0.  0625  at  b  *  0, 6.  It  would  be  advantageous 
to  minimize  backpressure  to  permit  use  of  the  smallest  possible  area  ratio. 
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CHAPTER  V 


NOZZLE-THROAT  SPACING,  AND  THROAT  DESIGN 


The  theory  developed  in  Appendix  1  and  Chapter  I  permits  design  of 
a  jet  pump  for  any  desired  capacity  and  performance  characteristic.  The 
theoretical  analysis  does  not  predict  what  the  distance  from  nozzle  tip  to 
throat  entry  should  be,  nor  does  it  prescribe  the  correct  throat  profile. 


A.  Nozzle -Throat  Spacing 


The  experimental  jet  pump.  Fig.  8,  was  specially  designed  to  permit 
study  of  the  nozzle-throat  spacing,  termed  S  here.  The  nozzles  were  mounted 
in  sections  of  No.  16  thin-wall  tubing,  which  were  inserted  into  the  pump 
body  through  an  O-ring  seal  (Fig.  8).  By  loosening  the  nut,  the  nozzle 
could  be  moved  axially,  allowing  wide  adjustment  of  S  even  while  the  pump 
was  in  operation.  Scribe  marks  on  the  nozzle  tube  at  intervals  of  0.1  in. 
indicated  the  internal  spacing  S. 


Experimental  Results,  -  To  find  the  optimum  value  of  S,  the  spacing  was 
set  at  approximately  one  nozzle  diameter  and  the  subject  pump  was  set  at  a 
flow  ratio  of  0Op"S3  2/3  (fmep  by  adjusting  the  back  pressure  to  the  proper 
value.  (Primary  flow  rate  and  suction  port  pressure  were  held  constant. 

/  Cavitation  was  avoided, by  avoiding  high  jet  velocities.  Except  Where  Reynolds 
number  effect  was  being  studied,  Rjj  was  kept  high,  usually  over  20,000. ) 
Optimum  S  was  thon  found  by  varying  the  nozzle  position  in  Steps  of  0. 1  in. 
to  Obtain  maximum  secondary  Bow,  Wg.with  W^j  and  all  three  pressures  held 
constant.  The  slight  change  in  operating  flow  ratio  was  neglected. 

Results  a^e  listed  in  Table  7  as  S  values,  and  as  a  ratio  to  nozzle 
diameter,  S/d^.  Where  more  than  one  "optimum”  S  value  is  listed,  Wg, 
hence  efficiency, was  essentially  the  same  over  the  range  of  S  values,  i.  e. , 
there  was  low  sensitivity  to  variation  in  S.  — ~  •' 


Discussion.  -  The  S/df}  column  in  Table  7  reveals  a  consistent  decrease  with 
increase  in  b.  It  will  be  recalled  that  a  large  b  means  a  small  low  ratio,  e.  g. , 
see  Figure  3.  Thus  S  decreased  with  flow  ratio,  as  a  result  of  varying  b. 

(For  each  pump  0on‘sd  2/3  0mep).  This  suggests  that  the  exposed  area  of  the 
free  jet  before  throat  entry,  Aj  *  TTdjjS,  decreases  with  0  as  does  the  annular 
area  A^  available  for  Ws  at  the  throat  entry  (again,  as  a  result  of  increasing  b) 
Aga  is  defined  as  -  An  or  Ajy"(l~b)/b,  by  assuming  that  the  jet  enters  the 
throat  with  area  equal  to  that  at  nozzle  discharge,  An-  (See  Appendix  1. ) 
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TABLE  7  OPTIMUM  NOZZLE -THROAT  SPACINGS 

(See  Fig.  32) 


Nominal  Area  Ratio,  b 

Pump  No. 

Tast  Nos. 

S  in. 

s/dN 

0.1 

100/316/ 

92 

0.307 

3.07 

0.  407 

4.07 

0. 133 

141/387/ 

83, 128 

0.  311 

2.  21 

0.411 

2.  92 

0.2 

141/316 

75,178 

0.208 

1.48 

179 

0.308 

2.  18 

■0.2 

100/224/ 

207 

0.190 

1.  90 

0  .2 

173/387/ 

205 

0.219 

1.26 

;  0.3 

173/316 

152, 156 

0.137 

0.79 

j! 

158,159 

0.  237 

1.37 

\  i;  ;  ' 

0.337 

1.95 

"4  0.4 

141/224/ 

147 

0.091 

0.  64 

0.191 

1 .  35 

fl  • 

•ii  '1 

ti 

0.291 

2.06 

0.6 

173/224/ 

163 

0.120 

0.69 

'  ; ..  . '■ 

'  i;  ■ 

0.020 

0. 12 

Assuming  that  A^  «f 

CAga  ,  where  C  is  a  constant, 

iw 

let 

■  t  \v.  : 

'  ' 

V  .  ■"  •  v4  “,  CASa 

1-b 

•  a  C  — 

>1  ■  • 

■■  V'" 

■l  .  \  ■ 

(46) 

|  •-  ■  an  An 

b 

H/ 

■jj . 

.•"Ii 

Substituting  for  the  areas  Aj  and  Ajj  in  Eq.  46  results  in, 


That  such  a  proportionality  exists  is  apparently  verified  by  Fig.  32. 


S/d$f  values  from  Table  7  are  plotted  versus  b,  and  compared  with 
1-b/b.  The  relation  -  /.  .  -;i  -v-  --  - 


S  1  1-b 

djj"  “  r  b 


agrees  well  with  the  minimum  spacings,  and 


S  _  1-b 

dN  ”  b 


(48b) 
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represents  a  sort  of  upper  boundary.  Multiple  points  at  one  b  value  show 
the  range  of  S/ dj^  values  over  which  performance  was  essentially  constant. 

For  this  design,  in  which  throat  lengths  were  four  times  the  throat  diameters* 
(L  «  4dm)  the  mean  results  for  optimum  spacing  are  well  represented  by, 

_1  Ilk  (48c) 

d>j  2  b 

over  a  range  of  area  ratios  b  ■  0. 1  to  0.  6.  Thus,  for  b  *  0.  2,  S/djj  should 
be  <?,  0:  the  nozzle  should  be  withdrawn  from  the  throat  entry  by  two  nofesle 
diameters. 

Optimum  Spacing  vs.  Flow  Ratio.  -  Results  presented  above  were  obtained 


at  $op  2/3 (®mep-  Experience  showed  that  the  optimum  spacing  increased 
some  tfiat  with  the  flow  ratio  at  which  the  given  pump  was  operating,  (at  zero 
side  flow,  optimum  spacing  was  redefined  as  that  producing  maximum  dis¬ 
charge  pressure  for  given  fixed  nozzle  flow  and  side  port  pressure. )  This 
trend  confirms  earlier  findings  (6). 

Importance  of  5  in  Theory-Experiment  Comparison.  -  Experimental  values 
of  N  plotted  versus  (Twere  compared  with  theoretical  H  -  0  characteristic 
curves  in  Chapter  U.  As  explained  there,  K34  and  Kj  values  for  use  in  the 
theoretical  equations  were  calculated  from  the  experimental  data  at 
0mep*  This  procedure  of  course  resulted  in  exact  matching  of  theory  and  . . 
experiment  at  the  flow  ratio  0op,  where  the.K's  were  evaluated.  Validity 
of  the  theory  was  jhdged  pn  the  basis  of  how  well  it  predicted  N  at  flow  ratios 
below  and  above  0op.  11  •!.,  "  I 

As  shown  by  Figs.  10  to  14.  good  agreement  was  found  between  theoretical 
and  experimental  N  -  0  curves,  over  a  wide  range  of  flow  ratios.  In  the  case  of 
the  two  highest  area  ratios  pumps,  |.77 7,^40 ,  b  •  0.  544,  and  173/224,  b  *^0, '  . /• 
this  _ .  agr  eement  r  e  s  tilted only  after  jjjtii  appreciation  of  tbe '  imp  or  taupe, |  of  sobbing. '  S. 
The  thep^ticai’  N  «  0ctir\fe  was  foylnd  to  agree  with  experimental  results  Wjjjry.  - 
when  the  spacing  S  was  adjusted  to  optimum  (best  efficiency).  Effect  of  changing 
$  is  to  alter  the  slope  of  the  experiinental  N  -  :0  curve:  an  increase  in  «5|'de-;|  1 
creases  the  slope,  moving  the  maximum  efficiency  point  to  the  right,  (increases 
0mep).  This  sensitivity  of  slope  and  hence  of  agreement  between  theory  and 
test  results  was  noticeable  only  at  the  t^o  highest  area  ratios.  At  b  *  0i  1  / 

to  0.4,  theory-test  data  agreement  was  affected  slightly,  if  at  all,  by  S.  ./ 

Cavitation  Limited  Flow  and  Spacing.  -  A  study  of  N  -  0  performance  curves 
(sea  level  conditions)  for  several  spaclngs  indicated  a  slight  tendency  for  ] 
large  S  values  to  suppress  cavitation:  0l  could  be  increased  slightly  by  in¬ 
creasing  S,  This  was  most  noticeable  at  high  b  values.  However,  the  gain  its 


The  effect  of  throat  length  on  S/dj^  is  discussed  in  Fart  B,  below. 
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small  and  since  efficiency  under  normal  conditions  suffers  as  a  result  of 
the  over  «large  S,  the  method  is  probably  of  no  practical  value,  at  least  at 
sea  level. 

As  the  suction  port  absolute  pressure  is  depressed  (by  evacuating  the 
oil  system  including  the  tank)  the  effect  of  S  on  cavitation  is  somewhat  greater. 
The  limiting -flow  function  Y  appears  in  Fig.  33  for  three  nozzle -to -throat 
gpacings:  optimum  and  less  and  greater  than  optimum.  Y  values  arc  generally 
highest  for  the  large  S  values.  See  Chapter  IV  for  the  relation  between  Y, 

WgL»  0L,  esc. 

Effect  of  Low  Jet  Reynolds  dumber  on  Optimum  Spacing.  -  Comparison  testa 
at  low  Reynolds  numbers  (1800  to  3500)  showed  that  optimum  S  was  about  the 
same  as  at  high  Reynolds  numbers.  This  was  true  for  pumps  with  b  *=  0. 1  to 
0.4.  However,  pump  177/240  with  b  ■  0.  544  showed  best  results  at  Rjg  *  3,580 
when  the  spacing  was  made  larger. 

TABLE  8  ■  ,  '  -V 

EFFECT  OF  SPACING  AT  LOW  JET  REYNOLDS  NUMBERS 
Pump  177/240,  b  b  0.  544,  Rtf  - 3,580 


Nominal  Wn  “  42  lb/min. ,  pQ  atmospheric 

<;  •  ‘  ! 

•  .1 

.  '  ...  1 

Test  No.  j  . 

‘  '  ‘ 

S  in. 

N  at  0  ■  0 ,  2  0rnep  . 

^  mak  % 

1 

( 

'  :  /  :  ■  168  ..  j.  ' 

•  i!  '■  ■  ;l 

0.255* 

1.46 

0.64  0.28 

15.4 

if 

■  \  •  ■  i- 

\\  .  105  / 

•\  \  ;  ’> 

0.455.  ,  ' 

1.47 

0.80  0.28 

17.7 

.  »  i 

'1.  •; 

!  .  ii.  •  ■  .  '!  " 

i  *  Yields  best  efficiency  at  high  Rjj 

,  where  0.455  in.  is  too  large. 

V  J 

1 

A  tentative  conclusion  is  that  low  Reynolds  number  performance  can  be  im-  1 

proved  by  using  large  nozzle -to -throat  spacing,  but  only  at  high  b  values.  It  I 

may  be  that  the  short  throat  of  this  pump  (about  2  diameters,  see  Fig.  9)  ■  | 

influences  these  results.  .  "  .7",  ’ !  .  ••  I' 

i  Throat  Length  and  Entrance  Shape  t  '  |  , 

In  the  literature  on  jet  pumps, recommended  values  for  the  length  of  I 

the  parallel -wall  throat  section  range  from  4  diameters  up  to  10  diameters.  J 

With  compressible  flow  little  departure  from  optimum  performance  has  been  J 

noted  for  lengths  from  4  to  14  diameters.  The  value  of  S/dj$  m  7  to  7,  5  has  been  „  I  ' 

recommended  by  three  investigators,  cited  by  Kr oil  (10).  j  [ 
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Several  oil  jet  pump*  purchased  some  time  ago  from  Schutte  and 
Koerfcing  Co. ,  Philadelphia,  were  designed  with  throat  lengths  which  averaged 
about  2  diameters  (0.48<  b  <0.62).  Previous  tests  on  oil  jet  pumps  here, 
reported  by  Hussmann  (6)  showed  that  4  diameters  was  slightly  better  than  2 
diameters.  For  this  work  it  was  decided  to  adopt  4  diameters  as  the  "standard" 
length  (Fig.  8). 


To  check  the  effect  of  a  short  throat,  particularly  as  regards  cavi¬ 
tation  limited  flow,  the  throat -diffuser  section  for  pump  No.  141/316/307  was 
duplicated  except  with  L  a  instead  of  4dm.  This  part  is  denoted  as 
316-S  in  the  table  of  dimensions,  Fig.  8.  The  optimum  nozzle -to -throat  spacing  j 
was  determined  and  a  performance  test  at  a  high  jet  Reynolds  number  was 
made.  Results  are  summarized  in  Table  9.  i| 

TABLE.  9  '  .  i  :  ! 

COMPARISON  OF  TWO-  AND  FOUR -DIAMETER  THROAT  LENGTHS  V 
■|  Pump  Nos.  141/316/308,  141 /316-S/ 548;  b«0.2. 

1  MIL-L-7808  Synthetic  Oil  at  150  F  ^  I 


Nominal  -  p0  «  100  p®if  Rj^»  20;d00. 

■?.  *■  • ..  ' 

Test  No. 

wv 

^mep 

i"  i  ■  V 

mu  ^  .  .1-,;%]  *34* 

<*L 

S,  in. 

190 

1  " 

4 

1.1 

25.5  /  0. 0956  0.337 

1.27 

0.308 

199 

V  2 

1.05 

23.3  0.0954  0.448 

.•  V  "  V‘ 

1.27 

0  .  648 

*  Evaluated  at  0  s  0. 

ii  1  '•< 

9.  Theory 

agreement  With  test  results  equally  good 

f 

With  both  throat  lengths. 


As  shown  in  Table  9,  the  maximum  efficiency  was  reduced  slightly 
from  25. 5  to  23. 3  per  cent  in  halving  the  throat  length.  This  is  also  re¬ 
flected  in  the  thr pat -diffuser  friction  coefficient:  K34  »  0.  448  vs.  0.  337  for 
the t  "standard"  throat  length  of  4  diameters,  Confirming  the  previous  com¬ 
parison  (6),  a  four -diameter  throat  length  is  better  -  at  least  for  b  ■  0.2,  the 
area  ratio  involved  here.  Tbe  limiting-flow  ratio  0^  was  unaffected  by 
changing  t  . 


Throat  Length  and  Optimum  Nozzle  Spacing.  -  The  value  of  S  was  approxi¬ 
mately  doubled,  from  0.  208  -  0.  308  in.  for  L/d^  *  4  (see  Table  7)  to  0.  548 
for  the  short  throat  pump.  Mixing  length  along  the  jet  is  S  +  L,  assuming 
completion  of  mixing  at  the  diffuser  entrance.  Evidently  the  reduction  L  re¬ 
sulted  in  the  increase  in  optimum  S  value:  S  and  L  are  interdependent. 


As  was  previously  shown  in  Fig.  32,  the  trend  of  optimum  spacing* 
with  b  can  be  expressed  approximately  as 


JL  _L  1~h 

djf  "  2  b 
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(48c) 
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for  the  series  Hi  pumps  from  b  =  0.1  to  0.6,  all  with  f our - diameter  throat 
lengths.  This  trend,  and  the  relation  between  S  and  L  shown  by  the  com¬ 
parison  of  two-  and  four -diameter  throats,  suggests  that  probably  S  +  1* 
should  vary  with  b  through  change  in  L,  not  in  S,  as  was  the  case  here. 

Longer  mixing  lengths  along  the  jet  are  required  as  b  is  reduced  (hence  (J c.:. 
Increased).  If  the  throat  lengths  were  progressively -increased  as  b  was  de¬ 
creased,  it  is  quite  possible  that  optimum  S  would  be  essentially  the  same  for 
every  b  value.  Further  theoretical  and  experimental  study  of  the  relation  be¬ 
tween  b,  L,  and  S-is  recommended.  Only  limited  work  on  jet  mixing  length 
in  an  adverse  pressure  gradient  has  been  reported  (1,  18). 


As  reported  in  Chapter  II,  the  pump  with  b  ■  0.  3  gave  best  maxi¬ 
mum  efficiency,  nearly  30  per  cent.  Efficiaicies  at  b  »  0. 1  and  0.6  were 
lowest,  about  23  per  cent.  It  is  possible  that  this  variation  in  efficiency  is 
in  part  a  result  of  the  fixed  throat  length.  ]  At,  or  near  b  »  0.3,  an  L  of  four 
diameters  was  perhaps  "Optimum",  while i at  lower  b  values  L  *  4  ^  was 
inadequate.  At  b>  0.  3;  the  four -diameter;  throats  were  probably  too  long  for 
best  results.  Through  proper  adjustment  of  throat  lengths  it  should,  be  pos¬ 
sible  to  reduce  the  variation  of  efficiency  With  design  area  ratio. 


Throat  Entrance  Shape.  -  The  throat  entry  profile’ for  the  experimental  jet 
pump  was  selected  as  a  short  cone  with  an  included  angle  of  about  i 20  degrees. 
A  small  radius  at  the  entrance  eliminated  the  sharp  edge.  (Fig.  8).  A  longer 
conical  entry  with  ah  angle  of  60  degrees,  t«3  present  in  the  "conventional" 
pumps,  Fig.  9.  Comparison  of  performance  curves  reveals  no 
from  using  the  longer  cone;  this  confirms  previous  findings  (6)1 


Converging  nozxles  of  high  efficiency  are  obtain<^  from  a  profila^ 
consisting  of  a  quarter  of  an  Ellipse  (used  for  the  nozzles  in  the  experimental 
jet  pump).  A  throat-diffuser, part  0.317-E,  was  macbfcied  with  such  a  profile 
at  the  throat  entry,  and  compared  with  the  simpler  conical  entry.  Area  ratio 
was  b  s  0,  2  in  both  cases.  Results  are  summarized  in  Table  10,  / 


>■'-  :  TABLE  10  ,  ■  •  J-.-  .  • 

OF  THROAT  ENTRY  SHAPE 
Pump  Nos.  141/31,6/308  and  141/317  ^E/438,  b 
/  Throat  Lengths:  L  **  4dsn  \ 


0.  2 


rn 

Test  No. 

Throat  -Diffuser 

^mep 

(max^ 

*i 

K34 

0L 

20,000* 

190 

0.316 

1.1 

25.5 

!j  .1 

]  0.096 

0.337 

1.27 

20,000* 

201 

0.317-E 

1. 1 

26.4 

;  0.096 

0.314 

1.3 

5,000** 

72 

0.  316 

1.2 

22.8 

0.246 

0.318 

— 

5,000** 

103 

0.317-E 

1.15 

23.4 

0.302 

0.243 

*  MIL-L-7808  Synthetic  Oil  at  150  F.  (pi-p0)  *  100  psi,  nominal 

**  Oil  blends  A  and  B,  (pi-p0)  *  40  psi,  nominal 
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At  both  high  and  moderate  Reynolds  numbers  the  rounded  throat  entrance 
produced  better  results.  But  the  small  gain  hardly  justified  the  added  diffi¬ 
culty  of  machining.  The  gain  in  indicates  that  cavitation  was  suppressed 
slightly  by  the  gradual  entrance  curvature.  Conclusion:  The  short  conical 
entrance,  with  rounded  corner  at  the  throat  bore,  is  recommended  over  a 
longer  cone,  or  the  ellipse  shape 


i  ~ 


J\ 
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CHAPTER  VI 


THE  JET  PUMP  AS  A  SCAVENGE  PUMP 
The  Effect  of  Entrained  Air  in  Oil 


In  the  dry-sump  lubrication  system,  used  on  most  aircraft  engines, 
oil  supplied  to  the  gears,  bearings,  etc.,  is  collected  at  low  points  in 
pockets  or  sumps.  This  oil  is  usually  removed  by  gear  type  scavenge  pumps 
having  a  volumetric  capacity  1.  5  to  6  times  the  oil  rate  into  the  engines.  This 
excess  capacity  is  necessary  for  several  reasons: 

iij: 

a.  To  permit  rapid  removal  of  excess  oil  accumulated  during 

xnaneauvcrs.  i 

'!i 

!l: 

b.  To  remove  oil  that  is  highly  aerated  in  the  sump,  hence  occupying 
a  large  volume. 

c.  To  maintain  oil  flow  at  higfi  altitudes  where  the  scavenge  pump 
volumetric  efficiency  declines  due  to  low  absolute  inlet  pressure. 

Items  (a)  and  (b)  still  apply  if  the  positive  displacement  pump  is  re¬ 
placed  with  a  jet  pump.  Regarding  (c),  it  has  been  demonstrated  (Chapter  IV) 
that  in  order  to  reach  extreme  altitudes  the  jet  pump  must  be  operated  at 
flow  ratios  considerably  less  than  th<3  maximum  efficiency  point  (0Op 
1/4  0mep)>  This  is  sihiply  a  case  of  I'over  sizing"  the  pump  td  avoid  cavi¬ 
tation-limited  flow,  and  is  analogous  to  gear  pump  practice. 

;  ,  '  '  _  Y  :i  il  \  ■  , 

As  a  result  of  the  excess  capacity  the  scavenge  pump  (gear  or  jet) 
handles  a  two -phase,  two  -  component  fluid:  air  mixed  in  oil.  In  Part  A  below 
the  consequences  of  this  departure  from  the  clear  oil  side -flow  condition  are 
examined.,  -.I;1-  • . 

As  developed  in  Chapter  I  and  Appendix  1,  jet  pump  performance  is 
described  by  the  pressure  ratio,  ■ 

'  N  »  I 

Pi  “  Pd  ; 

Pump  efficiehcy  is  the  product  of  N  and  the  secondary-to-primary  flow  ratio 
0  »  Wjg/Wjj.  The  ratio  of  discharge  -  side  port  pressure  difference  to  the 
nozzle  prer/sure  drop  may  be  expressed  in  terms  of  N  as 
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Pd  -  Po 
Pi  "  P<T 


N 

N  +  1 


In  the  usual  application  of  a  liquid  jet  pump,  the  nozzle  and  side  fluids  are 
similar.  If  instead  of  a  liquid,  a  two-phase  two-component  mixture  is 
"picked-up"  at  the  pump  suction,  the  mixing  process  and  the  diffuser  flow 
will  be  altered.  The  nozzle  flow,  on  the  other  hand,  will  be  unaffected.  The 
expression  for  p<j  -  p0  is  derived  below  to  include  the  effect  of  air. 

Nomenclature: 

i  W  mass  flow  rate,  lb/sec 

W'  mass  flow  rate,  lb/min 

Q.  volumetric  flow  rate,  ft^/min  ? 

P  static  pressure  lbf/ft^  i 

P  total  pressure,  lbf/ft^  '  §  :j 

p  static  pressure, psi 

V  velocity  ft /sec 

JP  density,  lbm/ft3  ! 

r- :!  efficiency  ;  •:!  . 

gravitational  constant 
b  area  ratio  Ajsj/Am  lbfsec^ 

N  dimensionless  pressure  ratio  pj-po/pi-pd 

0  flow  ratio  Ws/Wn 

U)  volumetric  flow  ratio,  aerated  oil  to  nozzle  flow 
*1,2, 3- •  friction  loss  coefficients,  see  Chapter  I. 

"  ■  ‘  ...  *  .s  ■  ..  .  A  / 

Subscripts:  ■  ,(  ■  ^  f 

N  primary  fluid  at  noazie  discharge 

S  lV  secondary  or  pumped  fluid  ■  ij 

A  air  ; V  ‘  ;  jp.  ■ 

AO  aerated  oil  '  /  ip  "  "  . 

o  side  flow  entry  to  pump 

■  i  nozzle  entry  ? 

a  throat  entry  i;„  l 

m  throat  exit,  diffuser  entry 

d  pump  discharge,  diffuser  outlet 

mep  maximum  efficiency  point  on  the  v9  vs  0  plot 
op  operating  point  on  0  axis 

Side -Flow  Pressure  Dr  op  .at  Throat  Entry,  -  It  is  assumed  that  a  mixture  of 
air  and  oil  flows  from  the  side  port  entry  region  at  pQ  pressure  into  the  throat 
at  a,  entering  the  annular  area  between  jet  and  throat  walls.  Assuming  iso¬ 
thermal  flow,  the  enthalpy  change  in  air  phase  is  zero  (6).  Air  evolved  from 
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the  oil  due  to  the  pressure  drop  is  ignored.  The  energy  equation  is, 


7f+  2 


Vso2  Pj 

?-S  '  fa 


Si_  +  §L 
2S  fa 


where  the  density  f1  Q  a  is  that  of  the  air -oil  mixture.  It  is  not  independent 
of  pressure  as  J*  for  clear  oil  is.  Let 

pfl  .  K2  J^aJ^SaA 


and  multiply  bdth  sides  by  the  downstream  density: 

&1sl  +  Also! .  p  ,1  +  K  ,  AJSs!  •! 

^  To  2g  a  2g4  ' 

Let  PoA  +  M  ;■ 

■  |,y  °  '  ■,  2g  /  "  v, ..  ■  , 

which  for  small  changes  in  density  is  satisfactory,  particularly  since  the  inlet 
velocity  head  is  usually  negligible. 


Eq.  49  then  becomes 


P  1  P 
oh  * 


f»  -  (1  '+ 


VSa2 


a  vSa 
2g 


By  continuity, 


■  "4  ■  i  w 

■  a 


vL  W„lr 

■■T 


Neglecting  the  air  mass  flowrate,  and  with  0  ■  Wg/Wjj, 
ASa  a  Am  -  AN  a  AN  1±-  ,  and  WN  »  ^YNAN 


.  (50) 


Eq.  51  becomes, 

ye  *  _  (52) 

Sa  A  U-b)  1  '  , 

Neglecting  the  air  mass  flow  rate,  the  mixture  density  at  a0  the  throat 
entry,  is  defined  as, 


fa- 


Qs  +  Qas  Qs  +  QAa 
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where 


w  .  gst9&.  t  Qaj 
*  On  Qn 


Combining  Eqs.  50,  52,  and  53, 

PoA  -  Pa  »  <1+5C2)  ti  Vn2  (  r?b>2  * 


u> 


(54) 


If  no  air  is  present,  ^  a  *  0*  and  Eq.  54  reduces  to  Eq.  4,  Appendix  1. 

✓ 

Momentum  Relations  in  Throat.  -  As  previously  developed,  fhe  pressure  rise 
in  the  throat  is  the  change  in  momentum  between  entry  aiid  exit  less  the  vail  - 
friction  drag  loss.  Again  the  weight  of  the  air  will  be  dropped,  as  a  neg- 
ligitie  contribution  to  the  input  momentum.  * 


“v.Jata*  -  ^  (Pra.Pa) 


(55) 


Following  the  procedure  for  the  clear  oil  case,  let 

fi 


Pfl  -  k3  a™  £2.  V.  2 


m 


The  throat  exit  velocity  Vm  is  related  to  the  nozzle  velocity  as 

i  v  ..  Jj-  . 

m  fm 

By  definition  the  mixture  density  at  m  is, 


i 


•  ■!. h  . 
t!r:  V. 


P  .  PqN  H'JPQb 


f(l+1) 

i  +  u>, 


m 


(56) 


(57) 


where 


6U. 


m 


QS  +  QAm  r QAm 

•  . m  a  +  — - - 

;  Qn  ■  ,  Qn 

As  before  the  air  mass  flow  rate  is  neglected. 


*  Folsom,  Chemical  Engineering  Progress,  v.  44,  Oct.  1948,  p  765 
derived  the  momentum  equation  for  a  liquid-jet  air  pump  consisting  of 
a  straight  tube  without  diffuser.  For  no  oil  side  flow  (0  *  0)  and  with  no 
diffuser,  the  above  relations  become  similar  to  Folsom's. 
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QAm  is  the  volumetric  air  flow  rate  at  the  pressure  (Pm)  and  tem¬ 
perature  (i.  e.  ,  oil  temperature)  at  the  throat  outlet. 

Inserting  the  continuity  relations,  the  momentum  equation  becomes, 


m 


a 


£-  Vn2  [ 


2b  + 


2  0  CUab2 


,-b 


(2+K3)  b2  (1+0)  (1+Wm) 


(58) 


For  no  entrained  air  this  reduces  to  Eq.  7. 


Diffuser  Energy  Equation.  -  "the  equation  is  similar  to  that  developed  for 
oil  flow  only,  except  that  density  is  no  longer  a  constant: 


Ss  +  Yssi  .  Is>  ,  Yid+Zs 

Pm  2S  Pd.  *8  Pm 


(59) 


Multiply  by  Je5m  and  let 

"s  jSeSi  +  f  — di.  . 

-  28  ■  ,  - 

which  is  satisfactory  except  for  large  changes  in  density.  The  velocity  head 
in  the  outlet  pipe  from  the  jet  pump  is  generality  negligible:,  P^.  With 


!i\ 

hi 

r. 


Pfl  *  Vm^ 

)  '  ?g 


••  ./• 


and  the  expression  for  P  m  developed  at»ove„  Eq.  59  becomes 

J  .  ..  .A  •  J  2  '  ^.'/  ■  i-#1 

/  gdA  -  Prfd-Kt) b2(l+d)  0+**y  (SO) 

Side  Port  to  Discharge  Pressure  Rise.  -  By  combining  Eqs.  54,  58,  and  60, 
Fd  “  H  ’■s  found  to  be,  ..  v\  '■  "  1  ■ 


T 

n  ■ 


■■  / 


PdA  -  pbA  -  VN2  £  2b  +  -  (l+K2)0>U>a 

-(1+K3  +  K4)  b2  (1+0  )  (1+  U>  m)  j 
Similarly,  combining  the  nozzle  energy  equation 


1PW 


(61) 


pi  -  pa  ■  V  <1+K,1> 

2g 


2 


(3) 
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with  Eq.  54, 


5i  -  ~PoA  >  £-  VN2 


1  +  KN 


n+  K  )  ^ab2l 

(1+k2)  Ti^j 


Finally,  by  combining  Eqs,  6l  and  62  the  overall  pressure  drop  Pj-P^a 
may  be  found.  Comparison  of  these  basic  equations  with  their  counter¬ 
parts  developed  in  Appendix  1  for  side  inlet  flow  without  air,  reveals  that 
02  has  been  replaced  by  0GUa  and  that  (1+0)2  has  been  replaced  by  (1+0) 

(l  +  £Om).  For  no  air  flow  U;a  ■  CL^  »  0,  and  the  l  el&tions  reduce  to  i4«rtity 
with  the  original  equation.  The  effect  of  the  air  is  to  reduce  the  density  of 
the  fluid,  thus  increasing  the  velocities  (for  the  same  oil  flow). 

Relation  to  N  -  0  Characteristic  Curve.  *  The  above  relations  describe  approxi¬ 
mately  the  relations  between  pressure  differences  and  air  content.  The  effect 
of  air  is  to  cause  the  pump  to  operate  at  &  higher  pressure  drop,  hence  a  \ 

lower  N  value.  It  is  postulated  that  with  aerated  secondary  Row  the  corres¬ 
ponding  pressure  ratio,  Nao»  is  related  to  (A)  in  the  same  manner  that  N  is 
related  to  0  when  no  air  is  present:  Nag  vs  (j[)  is  identical  with  N  vs.  0. 

CO  is  the  volumetric  ratio  of  an  air  -oil  mixture  to  the  nozjzle ^oil  Row  rate, 
and  Nao  ta  the  dimensionless  ratio  of  pres  stir©  s  {P<j-P0)/(Pi-P^). 

II  '■  a  ■  ■  ■*"  l! •  “  'j  .  v”  ■  a 

•••  •  ||  -  -v  .*_•  •  ......  ••  •  --  -  .  •  V. 

The  mass  rate  of  air  Row  corresponding  to  go  depends  upon  what 
pressure  the  vdumetric  air  rate  is  evaluated  at,  such  as  P-  or  P  .  As 


shown  below,  evaluation  fat  Pa  le$ds  to  rather  satisfactory  agreement  of 
this  app:<  u,dmate  theory  Vith  the  jpxpdrimental  results.  ; 

•.  y  •  I  ’  •  /';■  f .  y  ..  .  ■  ij 

Air  glow  Rate.  -  By  definition  of  UJ  ,  ■! 


QAa  •  <^a  QN  -  Qs  «  -yr“  ( TUa -  4) 


OAo  *  ^Aa 


Pal- 10 
Ta 


»  Qa.NTP  *  QAa 


Pa  520 
14.7  T; 


Qao  ai*d  Qa,NTP  the  volumetric  dir  Row  rates  at  the  side  port  pressure 
and  temperature  and  at  NTP  conditions,  respectively.  By  assuming  that  the 
air  temperature  at  a,  the  throat  entry,  is  equal  to  the  OR  temperature,  solution 
of  Eqs.  63  and  64  for  the  dir  rate  requires  only  that  Pa  be  known.  Co  a  is 
found  from  the  N  -  0  characteristic  curve  of  the  pump  in  question  at  Naq-  This 
may  either  be  the  theoretical  curve  (eq.  23)  or  an  experimental  curve  measured 
with  a  clear -oR  side  flow,  i.  e.  ,  without  air. 

Evaluation  of  Fa.  -  The  throat  entry  pressure  is  found  from  Eq.  54  as  follows: 


m£L 

2g 


b2 

(1-b)2 
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As  with  the  clear  oil  case,  side  flow  velocity-head  is  neglected:  PoA» 

The  throat  entry  coefficient  Kz  has  been  dropped  as  negligible.  All  of  the 
above  terms  are  known  if  the  oil  flows  Wjj  and  Wg  are  given,  and  the  three 
pressures  at  inlet,  suction,  and  discharge  of  the  pump.  The  aerated-flow 
volume  ratio  00  a  is  obtained  from  the  N  characteristic  curve  at  the  NAo  va^-u® 
represented  by  the  three  pressures  Pj,  P0A  P<JA  *or  A*8  a®rated  secondary 
flow  operation. 


Experimental  Results,  Two  Phase  Flow 

The  amount  of  secondary  fluid  pumped  by  a  jet  pump  with  a  given  jet 
velocity,  or  rate,  is  governed  by  the  discharge  pressure  P^.  Just  as 
with  a  centrifugal  pump*  an  increase  in  back  pressure  will  decrease  the  pump 
capacity  until  at  the  "shut-off  head'1  the  flow  of  pumped  fluid  becomes  zero: 

A  fixed  relation  N  vs  0/,  exists  between  pressure  ratio  and  flow  rate. 

If  the  aide  fluid  is  restricted  to  a  fixed  rate  (as  scavenge  Oil  is  in  an  engine) 
and  the  discharge  pressure  P4  is  then  lowered,  one  or  a  combination  of  the 
following  result:  . 

(a)  With  restricted  auction,  line;  The  side  port  pressure  Po  will 
decrease  until  the  balance  between  N  and  0  has  been  restored. 

'  ’  .  •  IJ  •  •  *.  ..  ■  .  :  '  . 

(b)  With  vented  suction:  Air  will  be  drawn  in  at  a  rate  dependent 
upon  the  back  pressure.  The  lower  is,  the  greater  the  air 

5  rate.  The  "starved"  pump  makes  up  for  an  inadequate  secondary 

oil  flow  by  drawing  in  air .  ?  .  V  « 

■  ./  •  "  '  '  ..  «  ■ 

;  •  •  .  '■  •••  -  •  •  ••  n  • 

Case  (b)  above  is  that  existing  in  the  scavenge  pump  application  of  the  jet 
pump.  The  "scavenge  ratio"  for  a  given  pump  is  determined  to  some  extent 
by  the  back  pressure.  Again,  note  the  similarity  to  the  centrifugal  pump: 
capacity  is  determined  by  discharge  pressure.  , 

ii  "%  .  •/,  .1/  7:"-;  .  ;  ■  ,,  "  v.  ' 

Test  Procedure.  Fig.  34  shows  the  flow  diagram  for  two -phase  flow.  The 
side  port,  normally  connected  to  a  supply  of  oil,  ms  fed  from  the  bottom  of  a  j 
"sump".  The  secondary  oil  flow  at  rate  Wg  was  admitted  to  the  side  of  the  ' 
sump  as  shown;  and  the  top  of  the  sump  ms  vented  to  the  atmosphere  through 
a  rotameter  used  for  air  measurement.  Several  pumps  were  Operated  at  0op 
values  selected  by  examination  of  their  characteristic  curves  (See  Figs.  10  to 
14),  ranging  from  1/3  to  2/3  of  0mep«  Nozde  flow  rates  were  s;uch  as  to  yield 
Pi  values  of  40  psig  or  100  psig.  Suction  port  pressures  were  aitmospheric. 

As  a  back  pressure  corresponding  to  N  at  the  operating  0  value, 
no  air  was  drawn  in.  With  any  reduction  of  below  this  value,  air  was  in¬ 
ducted  and  measured  by  rotameter.  Measured  air  rates  are  converted  to  NTP 
conditions  (14.  7  psia  and  60  F)  and  compared  with  calculated  Qa.NTP  values. 
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Teat  Results.  -  From  the  N  -  0  characteristic  curve  for  the  pump  under 
test  UJ  a  is  obtained  as  that  corresponding  to  N^q,  the  air  test  pressure 
ratio,  is  then  calculated  with  the  0  and  {4}  a  values  using  Eq.  65,  leading 
to  calculation  of  Q^a  and/or  Qa,NTP* 

Operating  Conditions  for  Test  No.  100,  Pump  No.  100/316/307 


b,  nominal  0.  1 

(rt)2  °-° 

oil  hlea 

oil  temp.  200 

viscosity  6.7 

f  51. 

W'm  12. 1 


0.0224 


"  N 
Pi 
Po 
W's 


blend  "B" 

200  F 

6.7  centistokes 

51.5  lbs/ft3 

12.  6  lb /min 

40  psig,  nominal 

-0.  10  psig,  (14,13  psia) 

19.9  lb /min 


1.  58  V 
0.131) 


no  a,ir  flow 


When  operated  at  any  pressure  ratio  below  N  *  0. 131,  air  was  inducted  at 
the  side  port:  Wg  was  held  constant  at  19.  9  lb /min.  To  obtain  mixture 
flow  ratios  UJ  a,  the  N  -  fi  characteristic  curve  is  used,  either  Experimental 
or  theoretical.  Fig.  35  is  the  curve  for  Pump  No.  100/316/307.  Assuming 
Nag  *0.05,  CO  a  is  read  as  3.11. 


Hence, 


QA*  -  ‘ID?  <«>*  -  K)  *  (  3.11  r  l.  5S)  .  0.  374 


P»  ’  P°A  -  27TU4 


psia 


where  pQ^  is  expressed  in  psia  units, 

-  /  '• 

By  continuity,  Wj$  a  Ajf  Vj^J3  ,  and 


J^Yn2  .  0.1451  Wn2  .  0.1451(12.6)2 

2g  *  144  j>  dN4  x  144  0 .  0001  x  51 .  5.x  144 


*  31. 0  psi 


pa  ■  14.13  -  31.0  x  3.11  x  1.58  x  0.01238  ■  12.  25  psia 

In  correcting  Q^a  to  NTP  conditions,  14.  7  psia  and  60  F,  it  is  assumed  that 
the  air  in  the  throat  has  been  heated  to  oil  temperature,  200  F. 
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This  value  for  air  flow  at  Na.q  s  05  is  one  point  comprising  the 
theoretical  air  flow  curve  plotted  versus  N^q  in  Fig,  36.  The  points  and 
dashed  line  represent  the  experimental  results  from  Test  No.  100. 

By  definition  the  theory  and  test  results  agree  at  =  0.  At  higher 
air  flows  the  two  differ  by  as  much  as  10  to  20  per  cent  for  this  test.  In 
view  of  the  complexity  of  this  flow  process  and  the  necessarily  approximate 
nature  of  the  solution  the  agreement  is  surprisingly  good. 

Fig.  37  compares  theory  and  experiment  for  the  same  pump  but  at 
a  higher  jet  velocity  (pj  =  100  psig  versus  40  psig  in  Fig.  3).  Again  the  trend 
is  satisfactorily  predicted. 

Test  with  b  */  0.  20.  -  Air  tests  have  been  mads  with  Pump  No.  141/316/30$ 
(see  Fig.  8)  and  typical  results  appear  in  Fig.  38  along  with  the  theoretical 
curve.  The  agreement  is  similar  to  the  pump  with  b  »  0.1.  The  opdratiok 
was  at  higher  Naq  values,  of  course,  because  of  the  change  in  pump  area, 
ratio.  .  1  \  ■  \  .  ■■■  'a  '  l 

'•  V.  •  u  '  • 

'  V.  •  .  ij  ■"  .  ,,  •  '  j  ■  ij  • 

Test  with  b  =  0\  544.  -  To  further  test  the  validity  of  the  solution  air  tdsts 
were  made  using  Pump  No.  177/240/455,  a  pump  with  a  relatively  high  area 
ratio,  b  =  0.  544.  (See  Fig.  9).  This  moans  that  the  pump  operates  at  high 
N  values,  but  only  at  very  low  flow  ratios.  (The  maximum  efficiency  flow 
ratio  is  about  0Iylep  35  35).  ’  j '  •  j 

Fig.  39  shows  the  result  of  a  test  at  0  =  0.10.  The  agreement  virith 
the  theory  is  similar  to  the  other  two  pumps  tested.  j 

,  i  "  ■"  :i!  j- 

Conclusion,  -  Three  jet  pumps  ha.ve  been  tested  with  a  two -phase  two- 
component  mixture  of  air  and  oil.  inducted  at  the  side  port.  This  simu¬ 
lates  the  condition  under  which  a  jet  pump  would  function  as  a  scavenge  pump 
When  coperated  at  a  pressure  ratio  below  that  corresponding  with  the  oil 
flow  ratio  0,  and  with  a  vented  "sump",  air  is  drawn  into  the  pump.  The 
air  rate  is  found  to  vary  in  a  nearly  linear  manner  with  N^q,  the  air  test 
pressure  ratio. 

The  hypothesis  that  the  jet  pump  will  pump  air  at  a  rate  equal  to  the 
oil  "deficiency"  (as  indicated  by  the  departure  from  the  basic  characteristic 
curve  of  the  pump),  is  borne  out  by  agreement  with  measured  air  rates. 
Within  rather  narrow  limits  the  scavenge  ratio  of  a  given  jet  scavenge  pump 
may  be  decreased  by  raising  the  back  pressure,  and  conversely.  In  general, 
however,  the  pump  capacity,  hence  scavenge  ratio,  is  a  question  of  energy 
input,  i,  e.  ,  noaale  flow  and  pressure,  and  the  design  area  ratio  of  the  pump. 
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B.  Aerated  Primary  Flow 


The  jet  scavenge  pump  would  be  "powered”  hydraulically  by  a  supply 
of  lubricating  oil  from  an  engine -driven  positive  displacement  pump.  This 
might  be  a  separate  pump,  or  one  or  more  added  elements  inside  the  body 
of  the  main  pressure  pump.  The  oil  delivered  to  the  nozzle  of  the  jet 
scavenge  pump  would  normally  be  free  of  entrained  air.  However,  under 
conditions  conducive  to  poor  separation  of  air  from  the  oil  in  the  tank  or 
deaerator,  the  primary  flow  at  the  jet  pump  might  contain  entrained  air. 

It  has  been  shown  theoretically  and  experimentally  (6)  that  air  en¬ 
trained  in  the  nozzle  fluid  increases  the  nozzle  pressure  drop,  P^-P0,  and 
the  output  pressure  rise,  P^-Pq,  compared  with  the  same  flow  rate  of  clear 
oil.  The  approximate  theoretical  relations  developed  above  in  Part  A  serve 
to  illustrate  the  approach;  further  derivations  will  be  omitted  here. 


Nozzle  Pressure  Drop,  -  In  the  nomenclature  of  this  report  the  nozzle  pres¬ 
sure  deep  for  aerated  primary  flow  may  be  expressed  (<S)  as, 

(Pi-Po^d+Xo)  flZL  (i+iq)  /  H 


thus 

where 


(Pj-Po)A 
Pi-Po 


tsi  l  ;+  X0 


i| 


(66) 

(67) 


is  the  aeration  of  the  nozzle  fluid  at  the  nozzle  discharge  pressure  ;J*  is 
the  oil  density.  As  explained  in  Appendix  1,  present  experimental  results 
have  demonstrated  that  within  experimental  accuracy*  effective  discharge 
pressure  at  the  nozzle  tip  is  PQ;  for  all  of  the  pumps  tested  in  this  program. 

The  earlier  report  compared  experimental  results  with  the  approximate 
relation,  Eq.  66;  agreement  was  good.  Since  the  tests  were  confined  to  rel¬ 
atively  low  pressure  drops,  of  the  order  of  10  psi  or  less,  it  was  deemed  ad¬ 
visable  to  check ithe;' behavior  of  the  jet  pump  under  the  higher  pressure -drop 
conditions  to  be  Encountered  in  the  scavenge -pump  application.  The  test 
stand  circuit  shown  in  Fig.  7  was  modified  to  permit  aeration  of  the  primary 
stream.  .Room  air  was  metered  through  a  wet-test  gas  meter  into  the  suction 
side  of  the  variable’ speed  Oil  pump  at  a  tee  in  the  oil  supply  line  from  the  tank. 
(The  oil  rotameter  Was  located  upstream  from  the  tee. )  A  throttle  valve  in 
the  oil  line  between  the  tee  and  rotameter  vas  used  to  control  the  kmount  of 
air  drawn  in;  by  slightly  depressing  the  gage  pressure  at  the  air  bleed  point. 
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Air  Content  at  Nozzle  Discharge.  -  Lubricating  oil  contains  approximately 
10  per  cent  by  volume  of  dissolved  air  at  one  atmosphere  pressure  under  equil¬ 
ibrium  conditions.  This  changes  directly  as  the  absolute  pressure  over  the 
oil.  The  nozzle  discharges  to  pressure  PQ,  which  was  nearly  atmospheric 
in  the  following  tests.  Hence,  the  volume  of  entrained  air  at  PQ  was  essentially 
the  same  as  that  metered  into  the  system,  corrected,  however,  for  the  tem¬ 
perature  change.  Let  QaM  ft3 /min  be  the  volumetric  air  rate  at  barometric 
pressure  and  room  temperature  indicated  by  the  air  meter.  Then  the  air 
rate  at  the  nozzle  discharge  pressure  P0  i«; 


from  \hich 


aAo-  Qam 

Tm 

(68) 

>< 

u 

D 

> 

o 

(67) 

The  absolute  temperature  of  the  air,  T0,  is  assumed  equal  to  that  of  the  oil. 

Air  temperature,  Tj^j,  at  the  meter  is  room  absolute  temperature.  Qj$  is 
the  volumetric  primary  oil  flow  rate. 

Test  Results.  -  Pump  No.  141/316/308,  b  =  0.  2,  was  operated  at  oil  rates 
corresponding  to  nozzle  pressure  drops  of  40  and  80  psi  (with  clear  oil)  Pc 
was  atmospheric  and  P^  was  controlled  to  obtain  an  operating  flow  ratio  of 
0op«&  2/3  .  which  is  0.  8  for  this  partictflaf  pump.  In  additiop  a  test 

at  40  psi  was  made  with  zero  side  flow;  0  =  0.  Air  was  added  to  the  primary 
oil  stream  and  resultant  pump  behavior  noted.  In  Fig.  40  the  ratio  of  mea¬ 
sured  nozzle  pressure  drop  with  aerated  primary  fluid  to  pressure  drop  with 
clear  oil  (same  W^f)  is  plotted  versus  1  .+  XQ.  The  approximate  theoretical 
expression,  Eq.  66,  is  shown  for  comparison.  .'V 

At  these  high  nozzle  pressure  drops,  the  actual  increase  of  PirPo 
due  to  entrained  air  |s  considerably  less  than  predicted,  as  shown  by  Fig,  40. 
The  curve  for  the  80  psi  pressure  dr  op  (clear  oil)  condition  falls  below  that 
for  40  psi.  (Note  that  the  points  at  40  psi  fall  on  the.  same  line  for  0  ~  0.  8 
and  0  =  0.)  Reference  (6)  reported  that  experimental  values  of 

1  1  j  V-V '  .-.V  ■ 1  v .  . . ,= 

— — — —  were  , 

Pi-Po  ■ 

predicted  quite  well  by  1  +  XG;  where  the  pressure  dirops  were  only  of  the 
order  of  a  few  psi.,  This  indicates  that  the  effect  of  entrained  air  is  a  maxi¬ 
mum  at  very  low  pres sutie  drops,  and  decreases  considerably  as  pressure 
drop  goes  up.  For  example,  at  XQ  =  50  per  cent  aeration,  the  nozzle  pressure 
drop  is  increased  by  50  per  cent  for  Pi-P0’»2  psi  (reference  6),  but  is  in¬ 
creased  only  40  per  cent  for  Pj-Pq  =  40  psi  and  about  30  per  cent  for  an  80  psi 
nozzle  pressure  drop;  reading  from  the  curves  in  Fig.  40  at(l  +  X^s 
This  could  well  be  an  air-in^oil  solubility  effect.  At  high  pressures  appreciable 
portions  of  the  entrained  air  probably  are  dissolved  in  the  oil  by  the  time  the 
turbulent  mixture  arrises  at  the  nozzle.  At  the  high  jet  velocities  the  air- 
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oil  mixture  may  leave  the  nozzle  in  a  metastable  condition:  The  time  interval 
is  too  short  to  permit  evolution  of  the  dissolved  air  an  the  static  pressure  on 
the  oil  drops  rapidly.  The  entrained  air  content  is  thus  actually  less  than 
assumed  under  equilibrium  conditions,  suppressing  the  volume -increase 
effect  of  the  air. 


A 

Output  Pressure  Rise  and  Efficiency.  -  The  output  pressure  rise  Pd-PQ  also 
increases  with  nozzle  fluid  aeartion  as  shown  in  Fig.  41,  where  the  ratio  of 
(P^-Pq)^  toPd-PQ  for  clear  oil  is  plotted  for  the  same  tests  as  Fig.  40.  Out¬ 
put  pressure  increases  almost  as  fast  as  nozzle  pressure  drop,  and  as  a  re¬ 
sult  pump  efficiency  declined  very  little  with  nozzle  aeration  for  these  tests 
at  40  and  80  psi.  Note  that  the  efficiency  loss  was  greatest  for  the  lowest 
pressure  drop.  (At  very  low  pressure  drops,  the  decrease  in  efficiency  would 
be  greater.)  v 


Effect  on  Performance  Curve.  -  A  performance  test  (No.  212)  was  made  on  the 
b  a  0.  2  pump  with  Wj^  *  40  lb/min  (80  psi  nozzle  pressure  drop  with  clear  oil). 
Air  was  bled  into  the  primary  stream  to  produce  a  (theoretical)  aeration  (at 
discharge  pressure  and  oil  temperature)  of  37  per  cent.  This  amount  of 
aeration  raised  the  nozzle  pressure  drop  to  86.2  psi.  The  N  vs.  0  and  ^  vs. 

0  characteristic  curves  were  virtually  identical  with  those  for  clear  oil,  (see 
Fig.  13. )  :  0mep  was  1.  2 t^ind  ^  max  was  26.  2  per  Cent.  One  difference 
was  noted:  Limiting -flow  ratio  was  0x,  ®  1.  28  whereas  0x^1.  4  for  clear  oil1, 
with  similar  nozzle  pressure  drop  (86.  2  psi)  and  side  port  pressure  (atmos¬ 
pheric).  (See  Chapter  IY).  The  added  air  thus  aggravated  the  cavitation  - - 
tendency  somewhat..  >  ......  ..''y'- 


r  It 


Conclusion^,-  A$  noazle  pressure  as  Iiigh  as  40  and  80  psig  aeration  of 
primary  oil  stream  exerts  very  little  effect  on  pump  behavior.  Nozzle  pressure 
drop  and  output  pressure  rise  both  increase  with  aeration.  This  nozzle  .v 

pressure  drop  response  to  air  entrainment  is  conslderat^y  less  than  at  very 
lowpressure  drops  of  the  order  of  2  psi.  Primary  streairi  aeration  would 
apparently  cause  no  particular  problem  in  the  jet  scavenge  pump  application. 
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CHAPTER  VII 


DESIGN  PROCEDURE  AND  EXAMPLES 


Jet  pump  performance  is  described  by  the  primary  and  secondary  flow 
rates  Wg  and  and  the  nozzle,  side  port,  and  discharge  total  pressures 
Pi,  PQ  and  P^.  The  latter  may  usually  be  replaced  with  static  pressures 
Pi,Po»  Pd-  These  operating  variables  comprise  the  flow  rates,  0  *  Ws/Wn> 
and  the  pressure  rates,  N  »  P<i-Po/F|*Pd*  Physically  the  pump  is  character¬ 
ized  by  the  nozzle  and  throat  areas  An  and  Am;  dimen sionles sly,  b  ■  AN/Am. 

The  three  factors  N,  0  and  b  are  related  by  the  analytical  Eq.  23,  in¬ 
cluding  friction  loss  coefficients,  K^,K2  and  K34: 


nL  P  *  ?ST~T  -  <1+K34)b2  d+0)2  - 

1  +  -  numerator 

.  '  •••  •  V,  .I-' 


0zb2 

Elm2 


The  optimum  relation  between  b0pt  and  9  was  found  from  £  N  / £ *  0, 
producing  Eq.  30  and  Fig.  4  (K34  *  0  to  1.  0,  and  with  K2  *  0). 

.  •  ;  ‘  '  "  '  'll  ‘  *  -■  (jlj  '•  ,'jji  "  “ 

General  Procedure,  High  Reynolds  Number  Case.  -  In  the  usual  situation 
with  light  oils  and  high  jet  velocities ,  the  Reynolds  number  will  probably  ex¬ 
ceed  15,000  or  20,000.  'Here  it  may  be  assumed  that  K}  «  0.1  and  K34  «  0.  3; 
for  design  use,  Fig.  42  relates  bopt,  0,  and  N.  Given  one  of  the  three 
factors,  the  other  two  can, be  read  directly  from  the  curves.  For  comparison, 
the  experimental  values  of  flmep  and  Nmep  for  eight  jet  pumps  are  shown  in 
Fig.  42  (see  Table  3,  Chapter  H).  In  general,  K  values  were  less  than 
K|  *  0.1  and  K34  a  0.  3  for  large  b  values,  and  slightly  larger  at  b  *  0.  1. 

Thue  there  is  acme  departure  from  the  solid  line  curves.  /  , 

•  ■!  .  ■  ,  .  /:■.  y  "■  '  P  Vf 

Procedure  Example  1.  «  Given  secondary  flow  rate  and  discharge  pressure*, 
and  the  requirement  for  a  high  flow  ratio:  Design  the  piimp. 


Given:  Wgr  Fd-Fo  / 

Find:  b,  WN,  PrP0,  dN,  dm.  ,  i;  ,;s  .. 

The  requirement  for  high  flow  ratio  dictates  the  choice  of  a  small  area  ratio 
(Fig.  42).  This  work  extended  to  a  minimum  value  of  b  «  0. 1,  which  will 
be  selected  here.  Fig.  42  shows  that  ?th  *2.5  and  N^  a  0.  1.  Hence,  efficiency 


*  Since  suction  port  pressure  is  usually  atmospheric,  discharge  gage  pres¬ 
sure  is  essentially  equal  to  P<j-P0  Ibf/f*2  o*  p<j-po»  psi.  Similarly  p^-po 
approximately  equals  nozzle  gage  pressure. 
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*1  m  25  per  cent.111  This  is  at  &  flow  ratio  essentially  equal  to  the 

maximum  efficiency  point.  (This  value,  0mep»  can  b®  calculated  directly 
with  Eqs.  31  or  32. )  It  is  recommended  that  pumps  be  designed  conservatively 
to  operate  at  0op  *  2/3  0  «2/3  0^5  (but  0op  will  be  dictated  by  cavitation 
limits  for  high  altitude  us 4  -  »ee  below).  Correspondingly,  Nop**4/3  N^, 
which  results  from  the  linear  N-0  approximation,  Eq.  34,  Chapter  I.  The 
pump  will  be  operated  at  0op  «  2/3  x  2.  5  ■  1. 67  and  Nop  *  4/3  x  0. 1  *  0. 133, 
f  »  22.  3  per  cent.  Nozzle  flow  is  *  Wg/0op}  and  the  nozzle  pressure 
drop  (P|-P0)  is  fomd  from 

P^-Po  b  W 

Pi  -  P0  N+l 

Nozzle  diameter  is  found  from  the  nozzle  equa'  -t  ^ 


-  p  P  a  py N2 

•  i!  il  •-  ,ri“,ro  2g 
and  the  continuity  relation 


(1+^) 


yielding, 


where, 


WN  -  j*  A NVn 


V  - 16.15,1^ 

dN  «  nozzle  diameter,  Inches  \ 

....  -  .i 

Kj  ■  nozzle  coefficient,  usually  0. 1 


■;  w,n  s>  nozzle  flow  rate,  lbm/min 

\  I  <{'■.  ■  >  -  •  " 

8.  g.  ■  oil  specific  gravity 

1  1 1  ■  r 

Pi  -  Op  ■  nozzle  pressure  drop,  psi 

"V  if  ■  •'  /  .  i 

The  throat  diameter  is  found  from  b  and  djj, 


Nozzle -to -throat  spacing  is  found  from  (Chapter  XV): 


e  .  1  1— b 

s  s  dN  I  ~ 


(48c) 


Subscript  refers  to  the  theoretical  values  from  Fig.  42. 
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Recommended  pump  design  is  that  in  Fig.  8:  The  throat  entrance  is  a  short 
cone  of  about  120  degrees  included  angle;  diffuser  angle  is  8  degrees;  throat 
length  is  four  diameters.  The  adjustable  nozzle -spacing  feature  can,  of 
course,  be  omitted. 


Procedure  Fxample  2.  Given  secondary  flow  rate  and  (high)  discharge  pres¬ 
sure.  Design  the  pump  for  maximum  recovery  of  nozzle  pressure. 


Given:  W§,  P<j-.P0 
Find:  b,  WfyPi-Po,  dNdm* 


Here  a  large  b  value  is  indicated  in  order  to  obtain  a  high  N.  Select  b  «  0.  5: 
From  Fig.  42  =  0.  94,  0^  »  0.  23.  Following  the  procedure  above  0op  = 

2/3  x  0,  23  =  0. 153,  NQp  =  1.  24,  etc.  Those  two  examples  illustrate  the  pro¬ 
cedure  apd  use  of  Fig.  42.  Note  that  in  addition  to  the  pump  ’'duty",  i.  e. , 
capacity  and  discharge  pressure,  some  information  must  be  had  as  to  the 
desired  pjump  characteristics.  This  may-  be  the  need  for  (a)  High  flow  ratio, 
or  (b)  High  discharge  pressure  relative  to  nozzle  pressure,  or  (c)  Maximum 
efficiency.  If  the  latter  is  the  case,  choose  b  =  0.2  to  0.3.  Selection  of, b 
is  the  first  step,  in  any  case. 


Application  of  the  jet  pump  as  an  oil  scavenge  pump  in  an  aircraft 
engine  requires  consideration  of  the  following:  /  \ 


1.  The  effect  of  viscosity,  or  better,  Reynolds  number. 

Z.  The  cavitation  characteristics,  or  more  directly;  the  altitude 
X  '  ceiling.  :  '■  "  "/  ■■ 

3.  Pump  behavior  with  two -phase,  two -component,  secondary 
“  flow.  "  "  ;  /  /  '  ... 

■  ,  ■  ■■  .  it  “  '  7  .  -  1 * 3 

To  illustrate  the  use  of  the  material  in  this  report,  a  design  ex¬ 
ample  is  presented  which  includes  treatment  of  each  of  these  problems  in 
the  course  of  the  solution.  '1  .  / "  ’  - 


The  Problem 


Substitute  a  jet  pump  for  the  aft  or  midframe  scavenge  pump 
of  a  model  J-4?  turbojet  engine.  The  oil  rate  to  be  handled  by  the 
jet  scavenge  pump  in  3.  gal/min;  theback  pressure  on  the  pump  is 
2Spsig,  with  Grade  1005  oil  at  100  F.  The  flow  ratio  is  to  be  a  maxi¬ 
mum  in  order  to  conserve  weight  (pump  the  3.  5  gpm  with  a  minimum 
nozzle  or  primary  flow  rate).  Find  pump  size  and  operating  charactes 
istics. 


WAPC  tr  55-143 


58 


Pump  Si z« .  -  The  procedure  in  Example  1  above  will  be  followed.  To 
obtain  a  high  flow  ratio,  use  b  »  0.1;  from  Fig.  42,  0^  *  2.  5  and  ■  0.  1. 
Let 

0Op  85  f  ^mep  7  ^th  “  7  Z‘  5  *  l'  67 

N0p  -  |  x  0.  1  =  0.  133 

Alternately,  these  values  can  be  found  from  the  "linear"  or  approximate 
N  -  0  characteristic  curve.  (Chapter  1): 


N°-  z 


2b  -  (l+KMi^ 
1+Kj^  -  numerator 


(23a) 


-mep 


The  maximum  flow  ratio  0q,  a  function  of  K34  *  0.  3,  and  b  *  0.1,  is  con¬ 
veniently  found  from  Fig.  5,  as  0O  *  4.  6.  Hence  0mep  *  2.  3  (compared 
with  2.  5).  A  function  of  a  0.1  as  well  as  K34  and  b,  No.  is 


N0  * 


1.1-  numerator 


0.205 


and  Nmep  «  N0/2  *  0.  102*  compared  with  0.1  from  Fig.  42.  At  0op  * 
2/3  0mep *  and  0mep  =  0o/2,  Eq.  34  reduces  to, 


Nop  »  j  N0«  0.137,  compared  with  0.133.  / 

The  former  values,  derived  from  Fig.  42,  will  be  used  below. 

>v  11  ■■  ■  *  .  ..  ..... 

Note.  -  The  simplified  linear  N  -  0  characteristic  curve  is  quite  accurate  at 
low  b  values,  0. 1  to  0.  2.  As  b  increases  the  actual  N  -  0  line  becomes  in¬ 
creasingly  concave  (up).  As  a  result  the  approximate  N  -  0  curve  will  err 
on  the  high  side,  at  high  b  values.  The  full  theoretical  N  Eq.  23  should  be 
used  for  better  accuracy. 

With  Nob  «  0.133,  and  pd-pc  *  25  psi, 


Pi-Po 


(N+tf5  1.  133 
a  Y  a  n  mi 


0.  133  x  25  B  214  P8i 
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Upon  determination  of  the  nosale  pressure  drop,  the  limiting-flow  ratio 
0L  should  be  checked.  If  less  than  0op,  modification  will  be  necessary. 
From  Chapter  IV, 


Since  2.  04  >  1.  67,  the  design  is  satisfactory  at  p0  «  14,  7  psia,  or  sea  level. 
Following  discussion  of  the  Reynolds  number  eff  ace  be»cv. ,  the  altitude 
ceiling  will  be  covered. 

At  100  F,  the  specific  gravity  of  Grade  1005  oil  is  0.  863,  see  Fig.  43. 
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Nozzle -to -throat  spacing,  from  Chapter  V, 

S  1  1-b  .  - 

j - a  ■?  -T—  s  4.  5 

dN  2  b 

S  -  0.0684  x4.5  a  0.308  in. 

The  Effect  of  Low  Reynolds  Number.  -  For  the  conditions  above „  the  jet 
Reynolds  number  is. 


«•  v  4n 

r  a  379. 1  x  15. 1 
N  0.863  x  5.2  x  0.0684 


18,700 


where  the  viscosity,  *5.2  centistokes,  was  obtained  from  Fig,  44 
at  100  F.  This  value  is  sufficiently  high  to  justify  the  assumed  (minimum) 
friction  coefficients  K,  *  0. 1  and  K34  *  0.  3.  It  should  be  noted,  however, 
that  K|  is  likely  to  be  larger  than  0.  1  with  such  a  small  nozzle  diametef: 
The  plot  of  values  versus  in  Fig.  16  reveals  a  definite  size  effect, 
comparing  Ki  for  4n  *  0- '100'  versus  the  0.  177  or  0. 1,73  inch  nozzles. 


If  Rjj  *  1,000,  what  effect  will  it  have  on  design?  Assuming  Rm  is 
also  1,000,  Figs.  16  and  17  yield,  Kj  *  0.66  and  K34  *  0.  9.  Entering  Fig.  5 
with  this  thr oat -diffuser  coefficient  and  b  *  0. 1:  0O  ■  2.  8  (compared  with 
4. 6  at  K34  -  0.3).  U  ■  .  4 . 


0.  2  -  1.9  (0,01) 
1.  66  -  numerator 


0. 122 


r  !>  ' ‘r.  \  ■■!'  -  ;  ...  ..  -7--\ 

Assuming  that  the  N  -  0  aurve  is  linear,  for  purpose  of  rapid  evaluation, 

Eq.  37  shouts  that,  .  _  ;  ./  •  .  .  • 


NO0O 

4 


0.122  x  2.  8 

■  I  I  Mill'll  I 

4 


0.086 


or  8.  5  per  cent,  compared  with  about  25  per  cent  for  the  high  Reynolds 
number  case.  The  operating  low  ratio  is  estimated  from 


*op  ^mep*  0mep^’“2 
#op*|  — ■  0.  934 


Nop  *  J  Nmep 


j  N0  ■  0.0814 
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The  nozzle  pressure  drop  is,  assuming  Pd~P0  remains  25  psi, 


Pi-Po 


1+0. 0814 
0. 0814 


-  (25) 


333  psi 


For  the  same  secondary  flow  rate,  W'g  =  25.  2  lb/min  (neglecting  any 
change  in  specific  gravity),  the  new  nozzle  flow  is  approximately. 


W’N  1  15‘ 1  o~.69?4  ’  27  lb/min 


4  0.1615  x  10 -4  (!♦ 1 

dN  "  0.863  x  333 


a  0.  68  X  10‘ 


ana  dflf  *  0.  099  in. 

|i  .  •  'ji  . 

For  the  assumed  Rtf  *  1,000,  and  the  corresponding  calculated  W'%* 
and  dj$  values,  the  viscosity  (from  Eq.  38)  is  found  to  be  120  centistokes. 
This  corresponds  to  Grade  1005  oil  at  -1?  F,  as  shown/by  the  viscosity 

chart,  Fig;  44.  -  .  .  . 

.  ...  •  ...  :!  '  ■-.■/f1  ; 

Low  Reynolds  number  depresses  the  N  -  0  characteristic  line,  e.  g. , 
see  Fig.  15,  reducing  both  0O-  and  Nop,  hence  efficiency.  To  produce 
the  same  energy  output  (flow  rate  and  discharge  head)  the  additional  friction 
losses  require  an  increase  in  energy  input.  This  appears  above  as  an  in¬ 
crease  in  both  primary  flow  rate  and  nozzle  pressure.  \|j 

m  ,  .  ■■  a  -  ■  .  •  .  >  ■■■  ' 

Complete  analysis  of  the  behavior  of  the  jet  pump  vex  sus  temper atur e 

requires  information  on  the  effect  of  temperature  on  the  associated  oil 
system;  in  particular,  how  and  pg  respond.  :  i  1 

.  '  .  r .  ' .  /  -  ■•■■■"  '  • .  ■  •.  ;ir  A  a...  . 

Altitude  Ceiling  Analysis.  -  Returning  to  the  original  case  of  high  Reynolds 
number,  the  design  will  now  be  checked  from  the  standpoint  of  altitude  | 
ceiling,  heretofore  neglected  in  the  sizing  of  the  pump.  At  the  altitude 
ceiling,  0^  *  0Op,  by  definition.  The  minimum  suction  port  pressure  is 


0L2  h2  (Pl*Pn)  _ 

fr-b)2  0.  68  (1+Ki) 


(44a) 


Po  * 


(1-0, l)2  0.68  (1.  1) 


«  9.  86  psia 


From  the  altitude -pres  sure  tables  (13),  the  maximum  altitude  is 
10,700  feet.  Obviously  the  original  design,  based  on  0op  *  2/3  0mep,  must 
be  revised  if  the  pump  is  to  function  at  high  altitudes.  As  shown  in 
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Chapter  XV,  the  ceiling  can  be  increased  by  reducing  the  operating  flow 
ratio.  For  0Op  =  1/4  x  2.  5  *  0. 625, 


Nop  *  (4>  6  ‘  °*  625)  ■  °- 177 

compared  with  0,  133  at  0op  ss  2/3  0mep-  The  efficiency  (0N)  is  now  about 
11  per  cent,  or  half  of  the  “former  value.  At  this  N0p  value, 


1  +  0.177  .  . 

Pi-Po  *  “o“It7 - *  25  *  177  Pfll 

which  is  lower  than  before  by  virtue  of  the  increase  in  N0p.  The  minimum 
suction  port  pressure  is  now, 


(0. 625)2  (0. 1)2  x  166  .  ■  . 

P°  "  (1-0. 1)2  it  0.68  x  1.1  sl*07pai 


which  corresponds  to  a  maximum  altitude  of  59 *  500  feet.  Higher  altitude 
can  berreached  by  a  further  reduction  in  0Op*  The  nozzle  flow  rate  will 
be  25.2/0.  625  a  40.  3  Ib/min.  A  new  nozzle  diameter  is  now  calculated 
for  this  flow  and  the  nozzle  pressure  drop  of  166  psi;  leading  to  recalculation 

of  nozzle  to  throat  spacing,  and  throat  diameter  and  length. 

..•/  ,  ‘  ,,  ■  .  ...  .. 


Air  Induction  at  Suction  Fort.  -  The  design  layout  so  far  has  been  based  on 
a  one-to-one  scavenge  jratio.  If  the  back  pressure  drops  below  the  design 
value  of  25  psig,  air  will  be  drawn  in  the  suction  port.  Also,  if  the  nozzle 
flow  rate  is.  increased  (with  no  charge  in  Ws)>  air  will  be  inducted.  Such 
changes  result  in  the  pump  operating  at  an  N  value  below  that  on  the  N-0 
characteristic  curve  at  the  existing  flow  ratio.  The  resultant  over -capacity 
of  the  pump  is  satisfied  by  air,  in  much  the  same  way  it  is  in  a  positive 
displacement  pump.  In  Chapter  VI  an  approximate  theoretical  equation  was 
presented,  permitting  direct  calculation  of  the  air  rate;  hence,  the  scavenge 
ratio  and  discharge  aeration  of  the  oil. ♦  '  ■' 


It  will  be  necessary  to  design  for  some  over -capacity,  i.  e.  ,  with  a 
scavenge  pump-to-pressure  pump  capacity  ratio  greater  than  one.  This 
may  be  accomplished  at  the  same  time  that  the  altitude  ceiling  is  set.  If 
in  the  examjie  above,  the  Npp  value  had  been  held  at  0. 133  as  0Op  was  re¬ 
duced  to  0.625,  the  nozzle  pressure  drop  would  have  remained  at  214  psi. 
This  N0p  value  is  belciw  that  on  the  N-0  characteristic  curve  (0. 177), 
effecting  an  oveT -capacity.  In  Chapter  VI  sample  calculations  were  in¬ 
cluded  to  demonstrate  the  method  of  finding  air  capacity,  hence,  need  not 
be  repeated  here.  By  starting  the  design  at  the  selected  ceiling,  (with  no 
over -capacity),  decrease  in  altitude  will  raise  pG  and  the  capacity  of  the 
pump;  air  will  be  inducted  at  lower  altitudes,  and  will  be  a  maximum  at 
sea  level.  If  this  yields  too  high  a  "scavenge -ratio"  at  low  altitudes,  the 
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air  rate  can  be  reduced  by  increasing  the  back  pressure  on  the  pump, 
thus  raising  N0p.  An  altitude -responsive  back-pressure  valve  might  be 
the  answer  if  excessive  air  handling  at  low  altitudes  Bhould  prove  trouble 
some. 
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CHAPTER  VHI 


CONCLUSIONS  AND  RECOMMENDATIONS 


Should  the  jet  pump  be  employed  as  an  oil  scavenge  pump  in  air¬ 
craft  engines?  It  is  not  possible  to  give  a  cl, ear -exit  yes  or  no  answer  to 
the  problem.  The  theoretical  and  experimental  analyses  reported  herein 
revealed  no  reason  prohibiting  such  an  application.  To  win  approval,  the 
jet  scavenge  pump  must  successfully  compete  with  the  positive  displacement 
(usually  gear-type)  pump  now  used.  The  two  types  are  compared  below. 


Weight.  -  An  aluminum  jet  pump  with  a  No.  12  AN  aluminum  tee  as  a  body 
weighs  about  0.  7  lbs.  This  body  size  (should  serve  to  scavenge  a  3.  5  gal / thin 
oil  flow.  JFhe  midframe  scavenge  pump  (Model  NC  193)  on  the  J-4'7  engine 
handles  3.  5  gal /min  at  a  nominal  scavenge  ratio  of  10/3.  5.  This  pump 
weighs  about  2.7  lbs.  With  the  driving  gears,  brackets  etc,  unavailable  for 
measurement,  it  is  impossible  to  estimate  such  added  weight  with  an  accuracy. 
The  total  is  probably  two  or  three  times  the  gear  pump  weight  along. 


To  the  0.  7  lbs  jet  pump  weight  must  be  added  that  of  the  primary 


flow  supply  line  and  contained  oil,  and  a  primary  supply  pump.  *  This  might 
be  a  separate  pump  driven  at  a  take-off  pad,  or  an  element  added  to  an 
existing  oil  pump.  As  a  crude  guess,  the  weight  of  the  jet  pump,  five  feet  , 
of  No.  12  hose,  fittings,  and  a  supply  pump,  might  be  of  the  order  of  5  or  6 
lbs;  There  is  probably  some  weight  advantage  to  the  jet  pump,  but  not 
decisively  so.  ,• 


Physical  Installation.  -  ;  This  comprises  the  chief  advantage  of  the  jet  scavenge 
pump:  It  can  be  produced  at  a  fraction  of  the  cost  of  a  precision  high-speed 
gear  pump.  Pc  vered  hydraulically,  precise  mounting  for  gear  alignment  is 
avoided.  The  primary  fluid  supply  pump  could  be  driven  at  any  convenient 
power  take-off  point;;  the  jet  pump  location  would  be  unrestricted  l)y  need 
for  access  to  a  mechanical  drive  point.  / 


The  pumps  tested  in  this  work  were  equipped  with  the  usual  body 
surrounding  the  nozzle -throat  junction,  or  mixing  point.  Secondary  fluid 
enters  at  a  tee  inlet  on  one  side.  This  body  portion  could  be  eliminated  in  the 
scavenge  pump  application,  affording  full  radial  entry  of  secondary  fluid. 


*  Two  or  more  jet  scavenge  pumps  could  be  '’powered"1  by  oi\e  primary 
supply  pump. 
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An  optimum  arrangement  should  obtain  by  installing  the  pump  vertically 
in  the  bottom  of  the  sump;  the  wall  faired  into  the  throat  entry.  The  nozzle 
could  be  supported  above  on  struts,  discharge  downward  into  the  open  throat. 

Engineering  Design.  -  Unquestionably  the  process  of  originally  designing 
a  jet  scavenge  pump  installation  would  be  more  complex  than  the  selection 
of  a  positive -displacement  gear  pump.  Experience  would  probably  point  the 
way  to  simplier  methods  than  the  step-by-step  method  followed  in  this  work. 
The  jet  pump  must  be  finally  selected  in  the  light  of  temperature  effects 
(Reynolds  number),  and  altitude  effects.  The  latter  largely  dictates  pump 
design  for  air  craft  use. 

Suggestions  for  Improvement,  and  Future  Work 

1„  The  problem  of  low  efficiency  at  low  Reynolds  number  might  respond  to 
changes  in  configuration  of  the  jet  pump.  Turbulence  inducing  devices 
in  the  nozzle  could  lower  the  useful  limit  of  jet  Reynolds  numbs*,  now 
about  Rj^*1  3,  000. 

.  •  '  "  •  =  |fi .. 

2.  The  use  of  a  variable -area  nozzle  (19)  might  offer  advantages  both  as 
regards  viscous  effects  and  cavitation -limited  flow. 

*  3.  There  is  a  need  for  further  basic  work  in  determination  of  optimum  de-  ; 
design.  Present  experimental  results  indicate  that  optimum  nozzle -to- 
throat  spacing  and  throat  length  are  interrelated  with  area  ratio.  Proper 
matching  of  all  three  variables  might  bring  about  an  appreciable  gain  in 
oil  pump  efficiency,  possibly  to  35  per  cent,  compared  with  the  25  to  30 
per  cent  attained  in  these  tests.  (Although  area  ratio  is  included  in  the 
theory,  mixing  length  is  not. )  \ 

4.  The  cavitation-limited  flow  phenomenon  warrants  further  study;  also 
Y  measurements  should  be  extended  to  other  oils  and  other  fluids  such  , 
as  water,  fuels,  and  hydraulic  fluids . 

Limiting -flow  responds  eomewhat  to  nozzle  spacing.  Other  design 
changes  might  help.  The  two -stage  mixing  zone  design  (4)  should  effect  a 
marked  improvement.  A  portion  of  the  secondary  flow  could  be  mixed  with 
the  high  velocity  primary  jet;  the  (slowed)  stream  would  then  entrain  the 
remainder  of  the  secondary  flow  at  a  point  downstream.  Thus,  the  com¬ 
bination  of  high  flow  ratio  and  high  jet  velocity  at  one  point  of  mixing,  is 
avoided;  * 

/  i  .  I  ■  . 
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Appendix  I 


Jet  Pump  Theory 
© 


As  a  jet  of  fluid  penetrates  a  stagnant  or  slowly  moving  fluid,  a  drag¬ 
ging  action  occurs  on  the  boundary  of  the  jet  between  the  high-  and  low- ve¬ 
locity  particles.  Mixing  occurs  between  the  surface  jet  fluid  and  the  low  ve¬ 
locity  fluid;  and  transfer  of  momenta  accelerates  the  latter  in  the  direction  of 
flow.  As  the  two  flows  progress,  the  mixture  stream  spreads.  The  undis¬ 
turbed  high  velocity  core  progressively  decreases  in  diameter  until  it  disap¬ 
pears.  (See  Fig.  1)  Confined  by  parallel  throat  walls,  the  secondary  fluid 
enters  a  region  Of  decreasing  area,  that  area  being  the  annulus  between  the 
mixture  stream  and  the  throat  wall.  At  the  throat  entrance  the  annular  area 
is  the  difference  between  jet  and  throat  area.  At  the  throat  exit  the  mixture 
stream  has  spread  until  it  touches  the  wall  of  the  throat.  Then  all  of  the 
side  fluid  has  been  mixed  with  the  primary  jet.  s 

’  ..  -v  *-  t  \  -  1  s  '  "■  ■'  -  '  "  '  -  .  •/ 

Assumptions.  -  In  common  with  other  solution^,  the  approach  may  be  termed 

an  "approximate"  theory,  since  the  details  of  the  mixing  process  are  avoided 

by  use  of  impulse -momentum  relations.  » ■  ;; 

v a  f-  ' . r  •  -  i.  -  !i  1 

>)  v  '  ■■ u 

. i  «  ■  .  ......  '  :\f  ■  §.•  :i  ■ 

1.  The  flow  streams  are  one -dimensional  at  ithr oat | entrance  a^d  exit. 

2.  Mixing  is  completed  in  the  constant  area  throat,  against  an  ad- 

■  h  verse  pressure  gradient.  •!  '  >  ■  r 


-•  / 
./  7  . 
•  ifj. .  / 
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secondary  flow 

Fig.  1. 


Nomenclature.  - 


i'  w 

mass  flow  rate  lbm/sec 

•  |; 

to  ■ 

area  ratio. 

an  - 

W' 

mass  flow  rate  lb^^/min 

~  '  ii 

0 

flow  ratio, 

WS/WN 

- 

p 

static  pressure,  lb/ft2 

nozzle  coefficient 

\\  ■■  ; 

p 

static  pressure,  psi 

K2 

i!  ■' 1  ■  •  r 

tt<roat  entry  coefficient 

p 

total  pressure,  lb/ft2  ■ 

k3 

throat  wair 

friction  coefficient 

V 

;  "  .  .  - '  '  J- 

velocity,  ft/sec  [ 

*4 

ii 

diffuser  fri 

•  .  •'  i 

|t:;.  •'  ’V 

iction  coefficient 

E 

energy  ft  lbf/sec  ,! 

N 

dimensionless  pressure  ratio 

f 

density,  lbm/ft3 

R 

n 

!l  '■  ■  \ 

Reynolds  niimber 

A  , 

area,  ft2 

T) 

viscosity,  :< 

centistokes 

D 

diameter,  ft 

f 

efficiency,  f 

}»  0  N 

d 

diameter  inches 

e 

slope ,  N  vs.  0 

!(  *  "  ■  V  V 

L 

throat  length,  in. 

M- 

specific  gravity 

g 

gravitational  constant 

lbfssc2 

■ 

Subscripts: 

N 

primary  nozzle  fluid 

d 

diffuser  exit 

S 

secondary  or  pump  fluid 

fl 

jet  loss 

T 

total  flow 

ml 

mixing  loss 

i 

0 

side  flow  entry  to  jet  pump 

ft 

friction  los 

8 

i 

1 

total  losses 

a 

throat  entry 

mep 

maximum  efficiency  point 

m 

throat  exit,  diffuser  entry 

on  y?  vs.  0  plot 
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Continuity  Relations.  -  The  continuity  relations  are  based  on  an  incompres¬ 
sible  fluid;  the  densities  of  primary  and  secondary  streams  are  equal. 

W  «  j°AV 

The  annular  area  available  to  the  side  flow  stream  at  throat  entry  is, 
ASa  B  Am  *  ANa  s  Am  '  AN* 


hence 


r  WS  .  0b  „  '  j  Jb  „  , 

^  f*£T  ^  Na  ~b  vn* 


(i) 


j  sa 

The  throat  flow  is  the  sum  of  the  nozzle  and  side  flows ,  W-p  *  4- 


W 


S 


vm  4  ST1"  -  k(1+«)  VN 


/V 

Nozzle  energy  equation. 


f  2g 


Vi2  Pa.,  %2  .  Pfl 

«  +  +  f 


f 


&g 


where  Pfi  is  energy  lost  by  friction  in  nozzle. 
Let  h  Pi  +  pressure" 

'  Pfl  ■  *1  ^ 

The  nozzle  energy  equation  becomes, 

P,  -  -  <1+K'i)  VN2 

Side  Flow  Energy  Equation.  - 


So 


£a  .  Vfga  .  £n 

~  2g  f 


f  28  ~  f 

limilarly,  this  may  be  written 

«v2 

Pc  -  Pa  ■  (1  +  K2)  r_l_ 5_a_ 

2g 


(2) 


^Hereafter  the  location  subscript  a  will  be  dropped,  i.  e.  ,  N  in  place  of  Na 
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Inserting  the  continuity  relation,  Eq.  1, 


.  02b2  PVnz 
po  -  pa  *  <>  +  K2>  (bbU  zf" 


Momentum  Equation  in  Throat.  - 

+  WsV^  .  .  Ffl  .  Am(Pm.Pi)  ,5, 

The  term  Ffj  refers  to  wall  friction  drag  accompanying  the  flow  of  a  real  fluid 
in  a  tube. 

Ffl  -  f  ^  Vm2 

where  f  is  the  friction  factor  and  A^n  =  7TDmL  is  the  wall  surface  area  of 
the  tube,  L  and  Dm  are  length  and  diameter  Of  the  throat.  Introducing  the 
throat  cross-sectional  area  Am, 


Ffl  3  f 


LAm  V 


jr  ..ii i  . 

3  "°m 

Ffl  -  %  Am  Vj  ( 


Inserting  the  continuity  Eqs.  1  and  2  and  Eq.  6  into  the  momentum  Eq.  5, 
there,  results  -■'%  ■  '4  ;j 

/'■"!  Vp.’4  -  (2  +  Kj(  b2  (lW)3]  ,  ‘ 


Diffuser  Energy  Equation.  - 


Fd  Vd2  Ffl 

T  *  21  + 


r-  -  K,  £5* 


then,  Pd  -  Pm  ■  (1-K4)  b2  (l+»)2  £-  VK2  {( 

By  combining  Eqs.  3,  4,  7  and  8,  the  three  significant  pressure-dif¬ 
ference  expressions  may  be  obtained: 
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pi  -  po 3  tr  Vn  1  +  Ktl  _  (1+Kz)  '<r7^2 


pA  -  p 
a  o 


%2  2»+-frr  -  U+k3+k4) 

-  _  1 


b2  (1+0)2 


02b2 

(1+^»  (Tbjz 


“  '  '  J 

pt  -  pd  *  vN2  i  +  K'i  -  2b  -  +  a+K3+k4)  b2(i+a)2  (i i) 

» 

Jet  Pump  Efficiency,  -  Pump  efficiency,  ip  ,  is  obtained  as  the  ratio  of  energy 
output  to  energy  input. 


-  ws 

(?d 

WN 

(Pi  ‘ 

■  vT 

EPUt 

Ein 

B  0 

Y?  a  b  0  -y°-  b  0  N,  where  N  is  the  dimens ionles 

*n  '  l.-*  p4  pressure  ratio:  |  (12) 


■  '.I  , 

202b2*  J. 


pressure 


2b+  TTT  - -a'+Kj+Ki)  +■■«)' -  (i+k2)  -or bp  .  > 

^  ®  .V  p  ■  '  (^)  1 1/ 

I  '  1  +  K«1  -  2b  -  -y-j—  +  (  1+K3+K4)  b2  (1+0)2  ^ 

the  pressure  characteristic  is  thus  k  function  of  area  ratio  b,  flow  ratio  ,0,;j 
and  the  friction  loss  coefficients  ,  K3,  K3,  K4.  Those  coefficients  must 
be  measured  experimentally  or  estimated  from  existing  information  on  nozfele, 
tube,  and  diffuser  friction  losses.  ; 

Although  the  method  employed,  and  the  final  N  equation  are  somewhat 
different  in  form,  the  relations  between  N  and  the  above  noted  variables  are 
identical  with  those  established  by  Gosline  and  O'Brien  (5). 


The  Friction  Loss  Coefficients 

The  four  K  coefficients,  assumed  zero  in  the  ideal  case  above,  are  of 
finite  value  in  the  case  of  the  actual  jet  pump.  The  values  of  the  coefficients 
may  be  determined  by  three  methods: 

(a)  Use  established  coefficients  from  the  literature,  handbooks,  etc.  , 
for  nozzle,  short  tube,  and  diffuser  losses. 
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(b)  Measure  the  coefficients  by  tests  on  individual  parts  of  the  pump. 

For  example,  obtain  the  nozzle  coefficient  by  free-discharge  tests. 

(c)  Calculate  the  K  values  from  actual  tests  of  the  jet  pump. 

The  latter  method  has  been  selected  for  this  investigation  of  viscosity 
effects.  The  analysis  and  correlation  of  coefficients  computed  from  pump 
test  data  are  discussed  in  detail  in  Chapter  HI. 

Definitions  of  Coefficients.  -  The  pressure-difference  equations  for  P.  -  PQ 
and  -  PQ,  (Eqs.  9  and  10  respectively)  are  sufficient  to  define  the  neces¬ 
sary  coefficients  when  one  simplifying  assumption  is  made.  The  throat -en¬ 
trance  coefficient  covers  losses  in  the  side-flow  stream  in  entering  the 
throat,  assuming  one -dimensional  flow.  Such  a  coefficient  approaches  zero 
for  a  well-rounded  entry  such  as  is  used  in  these  pumps.  Accordingly,  K.£ 
will  be  assumed  equal  to  zero  and  dropped  from  the  basic  equations.  |  A  further 
justification  for  neglecting  K2  Are  the  unknown  departures  from  the  assumed 
one -dimensional  flow  pattern.  Comparison  of  theoretical  N  vs.  0  curves  with 
experimental  data  showed  that  reasonable  value  of  K2  exerted  essentially  no 
effect  oh  the  N  -  0  characteristic  curve. 

Throat -Diffuser  Coefficient,  -  It  will  be  noted  in  the  pressure  difference 

Eqs.  10  and  11  that  the  throat  coefficient  K3  and  the  diffuser  coefficient 
appear  together  as  a  sum.  This  is  of  course  the  result  of  defining  both  losses 
as  proportional  to  the  throat  velocity,  Vm.  Hence  it  is  convenient  to  lump  these 
friction  factors  together;  K34  *  K3  +  K4. 

Given  the  performance  data  on  a  jet  pump,  the  throat -diffuser  loss  co¬ 
efficient  may  be  calculated  from  Eq.  10  rearranged  as , 


1  -  2b  02 
<l-b>  2  (1+0)2 


Pd-po  ■: 

VN2b2(l+0)2 


where  all  quantities  are  known  from  the  pump  dimensions  and  the  performance 
teat  data:  Pj,  P0,  P^  and  the  two  flows,  and  Wg.  Vjq  is  calculated  from: 


VN  "  f  AN 

Total  pressures  PQ,  F^,  are  obtained  by  adding  the  respective  velocity 
heads  to  the  static  pressures.  In  this  work  velocity  heads  were,  with  few  ex¬ 
ceptions,  negligible  compared  with  static  pressures,  permitting  direct  use 
of  the  latter.  Using  Eq.  14  a  large  number  of  throat -diffuser  coefficients  were 
calculated  from  test  data  and  correlated  vs,  throat  Reynolds  number.  (Chapter  III). 
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Nozzle  Coefficient,  K'i 


-  With  K2  *  0,  Eq.  9  yields 


_  Pi=Pn__ 

K 1  *  2 
VN2 


q2b2 

(l-b)2 


The  analytical  solution  was  originally  based  on  the  assumption  that  the 
pressure  at  the  nozzle  tip  was  equal  to  that  in  the  plane  of  the  entrance  to  the 
throat.  An  annular  area  Am-Ajj  is  available  for  the  side  flow.  As  the  side  flow 
Ws  increases,  the  throat  entry  pressure  -  which  was  theoretically  also  the  noz¬ 
zle  discharge  pressure  -  must  of  necessity  decrease  relative  to  the  side  port  pres 
sure  Pc.  The  last  term  in  Eq.  15  compensates  the  supposed  decrease  in  Pi-PQ. 


Thus  K'i  is  theoretically  unaffected  by  flow  ratio.  Xn  practice,  (a),  the  tip 
of  the  nozzle  is  withdrawn  from  the  throat  entry  by  as  much  as  several  nozzle,, 
diameters  and  (b)  jet  pumps  used  were  provided  with  large -area  unrestricted  aide 
entry  ports,  minimizing  pressure  loss  (Figs.  8,9).  As  a  result,  the  nozzle 
experiences  a  discharge  pressure  higher  than  the  throat  entry  pressure.  In  fact, 
it  is  for  all  practical  purposes  equal  to  Pq.  The  first  term  in  Eq.  IS  does  not 
decrease  at  the  same  rate  that  the  laBt  term  increases.  It  remains  constant. 

Thus ,  K'i  may  be  defined  as, 


<l2,.2  Pf  -  Pft 

K'i  «  Kq  +  ,  (16),  where  Kl  «  jT^T  (17) 

;i  ;  \  .  2g  ■  '  „  *  •  ■  ■ 

Ki  is  simply  K*i  at  zero  side  flow,  or,  0  a  0.  As  discussed  elsewhere,  Ki  re¬ 
flects  the  effect  of  Reynolds  number  and  nozzle  design.  The  second  term  in 
Eq.  16  is  a  consequence  of  the  departure  in  practice  from  the  original  theo¬ 
retical  configuration  of  the  pump  parts.  Valued  of  Ki  were  calculated  from  Jet 

Pump  tests  and  correlated  vs.  Jet  Reynolds  number,;  (Chapter  III.) 

.  :  / 

Jet  Loss  Modification.  -  In  over  200  tests  with  eight  jet  pumps,  b  «  0.1  to  0.  6, 
Pj-Pp  did  not  vary  with  change  in  0, but  remained  quite  constant.  In  only  one 
case,  where  the  nozzle  was  located  abnormally  elope  to  the  throat,  did  Pi-PD 
respond,  but  with  only  a  5  per  cent  change.  To  accomodate  this  departure  of 
experiment  from  theory,  the  following  is  postulated: 

The  jet  discharges  from  the  nozzle  tip,  surrounded  by  fluid  at 
static  pressure  PD,  with  velocity  Vjq  and  of  area  Ajq.  The  free 
jet  then  traverses  a  short  distance  S,  varing  from  about  0.1  to  several 
nozzle  or  jet  diameter*,  before  entering  the  throat  where  the  static 
pressure  iB  Fa.  This  traverse  of  the  constant -velocity  constant- 
area,  jet  from  Pp  down  to  Pa  constitutes  a  fluid  frictional  energy 
loss  Ej}.  The  analysis  is  considerably  simplified  by  this  assumption 
that  all  the  mixing  occurs  after  the  jet  enters  the  throat. 

This  concept  arises  from  tests  on  two  particular  designs  (Figs.  8,9)  of 
nozzle  and  throat-entry  contour.  It  ia  quite  possible  that  careful  shaping  of  the 
throat  entry  would  achieve  some  utilization  of  this  so-called  Mjet-loss,,energy. 
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This  energy  loss  is, 


E,  >  J!«L  (Pb  -  P  ». 

jl  S  '  o  a"  sec 


Combining  Eqs  18  and  4, 


Ejl  *  WN  Sf-  <1+K2>  (T^  (19) 

The  last  factor  in  Eq.  19  is  simply  the  difference  between  K'^  and  K^.  By 
thus  recognizing  the  flow  of  the  jet  from  PQ  to  P  as  a  loss  distinct  from  the 
nozzle  loss  proper,  Kj  values  may  be  extracted  from  jet  pump  performance 
tests  for  correlation. 


Revised  Basic  Equations 

Equations  9,  10,  11,  and  13  are  the  basic  equations  describing  jet  pump 

behavior.  These  are  repeated  below  incorporating  the  jet  loss  factor  des¬ 
cribed  above. 

The  nozzle  pressure  difference  (formerly  Eq.  9): 


p,  .  p„  *  JL  vj  Fi  +  k,1 

4  4g  ™  L  ,  z1  J 

,  .  Il  ... 

The  output  pressure  rise  (same  as  Eq.  10); 


~  >vNz 

WT&- 


20*b 


02b2 


2b+  -yib"  -  (1+K34)  b'  (1+0)^  -  (1+K2)^2  |  (21) 


The  overall  pressure  drop  (for marl  y  Eq.  11) ; 


?i-Pd*£LjsL  1+Kl-2b--^^  i-(l+K34)b2(l+0)2+(l+K2)-|^j  (22) 


'i  *  **d! 


The  pressure  ratio  N  is  found  from  Eqs.  21  and  22; 


N  « 


20Zb2  2  ?  02b2 

»  +  ~f_b“  -  (l+K34)b2(l+0)2  -  (1+KZ)  tubj* 

1  +  -  numerator 
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Through  recognition  of  the  jet  loss  concept,  Eq.  23  is  an  improved  ar¬ 
rangement  of  Eq.  13.  Friction  factors  are  constants,  independent  of  0,  where 
as  K'j  in  Eq.  13  had  to  be  computed  as  the  sum  of  Kj  and  (l+K^)  0^ b2/(l-b)^ 
for  each  0  value  in  question.  Identical  numerical  results  are  obtained  with 
either  form.  As  shown  in  Chapter II  theoretical  N  vs.  0  characteristic  curves 
agree  quite  well  with  test  results. 


ENERGY  ANALYSIS 

The  mixing  of  two  streams  of  different  velocities  in  a  jet  pump  demands 
that  an  energy  loss  occur,  even  if  all  four  friction  coefficients  and  the  jet  loss 
are  zero.  Separation  of  the  mixing  loss,  jet  loss,  and  friction  losses  through 
an  energy  analysis  is  helpful  in  understanding  the  jet  pumping  mechanism  and 
the  limitations  therein  imposed. 

;  -i  | ,! 

The  Mixing  Loss 

The  momentum  equation  5  provides  the  following  expression  for  pressure 
difference  across  the  throat  section: 


Pa  -  ^ 

a  gA 


•  +  wsVSa  .  2WTVm  .  Ffl 


The  energy  equation  between  throat  entrance  and  exit  is: 


WnP»  +  WNVN2  WsPa  .  WsVSaZ  _  WTPm  WTVm2  /-/ 

/  2g  /  2g  “  /  2g  +  Eml+Efl 


p  .p  .^N  /Jn?+  la.  list.  £1 a L  tEaaL.ieSo. 

m  *  WT  2g  +  WT  2g  2g  WT  WT 


Ffl  .  PEfl 

l^uiuig  ,uai  -  —  J -  , 


the  mixing  loss  is  obtained  by  eliminating  the  pressure  difference  between 
Eqs.  5  and  24.  By  rearranging  terms  and  simplifying,  the  following  equation 
is  obtained: 


(vN  -  v™  r 


Eml“WN  ~“7F 


(VSa  -  V»)‘ 


Combining  Eq.  25  with  the  continuity  relations  Eqs.  J  and  2, 

,  0^b^  -  1+0 

EmlaWN  -Jj-  l-2fc(l+0)+b2(l+0)3+(TIb)2  -20  V  -Tb 


WADG  TR  55-143 


?? 


It  is  interesting  to  note  that  at  aero  side  flow,  (0  *  0),  Eq.  23  reduces  to 


■na  ■  ^  aV 

which  it  simply  the  expression  for  a  "sudden  enlargement"  loss  in  a  pipe  line. 

The  Friction  Losses 

The  friction  loss  terms  are  all  expressed  as  constants  multiplied  times 
the  kinetic  energy  expression  of  the  stream  in  question.  These  plus  the  con¬ 
tinuity  relations  yield  the  following: 


Nozzle  Loss:  E^  *  Kj  Wjyj. 


IK. 


2g 


Sid.  Flow  Lo».:  E2  -  K2  Ws  -  K2  ^)2  WN 

V~2  -  K3b2(l+0)3  WN  IhI 


Throat  LoSs:  E3  =  K3  Wt  -JU.. 

2g 


2g 


V^2 


j  Diffuser  Loss:  E4  -  K4  WT  ~|L_  »  K4b2(l+0)3  WN  -jL- 
Total  friction  loss  is  the  sum  of  the  four  equations  above: 

. I  ••  ' 

•  ‘  •  "1  ,  ■ 

vN2  *" 


2g 


03b2  . 

K1  +  &2  (TTbj2  +  K34  b2 (1+0)3 


The  Jet  Loss 


(27) 


The  jet  loss  term  was  derived  above  in  the  course  of  establishing  Eq.  23 
the  modified  basic  characteristic  equation  for  the  jet  pump.  It  is. 


Vm-  b2 

Eji  a  WN  -JT  (1+Kz)  !Tbj2 


2g 


(19) 


Again,  this  term  represents  the  loss  in  available  energy  resulting  from  the 
constant  area  and  velocity  flow  of  the  jet  stream  from  the  nozzle  tip  at  P0, 
to  the  throat  entrance  at 
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Total  energy  loss  la  the  sum  of  equations  26,  27,  and  19,  Eml  +  Efl  +  Ejl, 

* 

E1  "  WN  1  +  *i  -  "  2^b2  ~t+(l+K2)(l+0)  |~7 

+  (1+K34)b2  (1+0)3]  (28) 

It  is  noted  that  Eq,  28  could  also  he  found  by  the  following  stops; 

E1  “  Ein  *  Eout 


N  .»  „ 


‘  y  -fa>  -~f  <p<r5o) 


where  the  pressure  differences  involved  have  been  derived  above  as  Eqs.  21 
and  22.  In  addition  to  Eq.  12,  pump  efficiency  is  expressed  by 


Ein  "  E1  .  E1 
1  *  1  •  1  ' " 


Dimensionless  Energy  Factors.  -  Note  that  for  analysis  purposes,  mixing 
loss  End,  friction loss  Eg,  jet  loss  Ejj,  and  total  energy  loss  Ej,  can  be 
expressed  dimens  ionles  sly  by  dividing  the  respective  equations  26,  27,  19  and 
28,  through  by  ^ 

WM  ZiL-  . 

N  2g 

Losses  are  then  expressed  only  in  terms  of  0,  b,  and  the  friction  factors. 


Comparison  of  Characteristic  Curves 


The  energy  relations  developed  above  permit  comparison  Of  three  theo¬ 
retical  characteristic  curves.  These  are  for, 

(  ‘‘ 

A.  The  ideal  pump;  mixing  loss  only. 

B.  The  frictionless  pump,  but  with  jet  loss  (nozzle  withdrawn 
from  throat  entry). 

C.  The  actual  jet  pump,  with  mixing^jet,  and  friction  losses 
included. 

The  design  area -ratio  b  determines  the  head  characteristic  of  a  jet  pump  as 
discussed  in  Chapter  I.  Theoretically  ii  may  have  any  value  0<b<l.  0.  Fur 
the  mid-value  of  b  *  0.  5,  the  pressure  ratio  N,  and  efficiency  W  *0N,  curves 
are  shown  in  Fig.  2  for  the  above  three  theoretical,  solutions.  1 
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A,  Ideal  Jet  Pump.  -•  Examination  of  the  mixing  loss  Eq.  25  shows  that  the 
mixing  lose  decreases  as  the  side-flow  throat-entry  velocity  Vga  approaches 
the  jet  velocity  Vj,j.  The  mixing  loss  is  zero  when  these  are  equal.  This  re¬ 
quires  thaft, 


and  fox  b  *  0.  5,  this  flow  ratio  is  0  =  1.  0.  Fig.  2  shows  that  here  the  effi¬ 
ciency  is  100  per  cent  -  but  output  and  input  ar  e  zero  for  this  case.  Two  high 
velocity  jets  simply  pass  through  the  throat  together  and  in  the  diffuser  the 
kinetic  energy  is  recovered  as  a  pressure  equal  to  the  inlet  pressure,  i.  e. , 

Pj  *  Pd  *  PQ.  If  the  jet  pump  doesn't  actually  "pump"  at  100  per  cent  efficiency, 
what  is  the  maximum  obtainable  efficiency  for  frictionless  flow?  If  the  ratio 
for  the  maximum  energy  output  is  selected, (to  minimize  pump  size)  curve  A 
shows  ^  max  s  ?2.4  per  cent;  here  the  flow  ratio  is  0  »  0.534.  Higher 
efficiencies  can  be  obtained  only  at  the  expense  of  energy  output,  and  lowered 
pressure  ratio,  or  N  value. 

For  flow  ratios  greater  than  that  for  zero  mixing  loss  (0  >  1.0  in  Fig.  2) 
the  side-flow  throat  velocity  exceeds  the  jet  velocity,  and  the  role  of  the  two 
streams  is  interchanged. 

B.  Frictionless  Flow,  with  Jet  Loss.  -  Curves  B  show  the  considerable  effect 
of  jet  loss  oh  efficiency  and  pressure  ratio.  It  should  be  added  here  that  A 

and  B  are  two  extremes;  either  no  jet  loss  occurs,  or  100  per  cent  of  the  energy 
represented  by  jet  flow  from  PQ  to  Pa  (in  the  throat  entry)  is  assumed  lost. 

An  intermediate  case  could  well  be  postulated,  wherein  a  part  of  thiB  energy 
is  considered  utilized  in  the  pumping  process.  Efficiency  curve  B  reaches  a 
maximum  of  42  per  cent  at  0  *  0.  35  as  shown.  This  (B)  represents  a  sort  of 
ultimate  in  improvement,  through  reduction  of  friction  losses. 

C.  Actual  Jet  Pump.  -  The  lowest  curves,  C,  are  constructed  assuming  that 
K|  *  0.  1,  Kg  a  0,  K34  *  0.  3,  thus  introducing  friction  losses.  From  test  ex¬ 
perience  these  values  represent  nearly  the  minimum  obtainable  in  practice. 
Efficiency  and  pressure  curves  are  lowered  and  the  maximum  flow  ratio  is  re¬ 
duced  as  indicated.  The  C  curves  are  essentially  identical  with  performance 
curves  measured  in  the  laboratory.  ,,  In  Chapter  I  theory  and  experimental  curves 
are  compared  directly. 
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Appendix  2 


Sample  Calculations 

In  most  offhe  experimental  work,  pump  performances  were  mea¬ 
sured  versus  flow  ratio.  This  test  consisted  of  operating  the  pump  at  a 
fixed  primary  flow  Wn  and  fixed  auction  port  pressure  p,s.  For  each  test, 
discharge  pressure  p,j  was  varied  for  approximately  14  runs,  yielding  a 
series  of  secondary  flow  rates  Wg  from  0  to  the  maximum  for  each  pump 
(with  the  control  valve  wide  open. ) 

Two  flow  rates  W'n  and  W'g  and  three  pressures  p^po  and  Pd  were 
recorded  for  each  run.  These  data  were  employed  to  calculate  the  pressure 
ratio  N  and  flow  ratio,  0  as  demonstrated  below.  Flow  rates  were  set 
approximately  by  rotameter  and  then  measured  by  weighing  against  a  stop 
watch  for  best  accuracy  (except  during  "altitude"  testing).  A  portable 
pump  was  used  to  pump  the  weighed  sample  from  a  tank  on  a  balance,  back 
to  the  oil  tank  on  the  top  of  the  test  stand.  A  desk  calculator  was  used  in 
computing  data.  ■  ' 

Test  Data: 

Test  No.  190,  Run  No.  8,  4/19/54  < 

Pump  No.  141/316/308,  b  *  0.  2 

Barometer  28.85  in.  Hg.  corr. 

Room  temperature  82  F 

'  'i 

Oil:  MIL-L-7808,  Synthetic  $ 

Oil  Temp.  150  F:  from  Fig.  43,  s.g.  a  0,892 

/  from  Fig.  44,  V  a  5.  7  centistokes 

W’n  a  44.  64  lbs /min 

W's  =  31.  88  lbs /min 

31.  88  „  . 

*  =  44.1T"  =  °.'ll± 

=s 

Pi  a  100.  0  psig,  corrected  for  gage  calibration  error 

Po  a  -0.  5  in  Hg  or  -0.  24  psig  relative  to  barometer  pressure 

Pd  a  48.  5  in  Hg  or  23.  7  psig 
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Pd-Fo  *  23.  94  pai 
Pi-Pd  *  76-  3  P*i 
Pi-Po  -  100.  2 4  pai 


>2  nv 


The  calculated  N  values  were  then  plotted  versus  flow  ratio  0,  and  a 
smooth  curve  faired  through  the  points-- facilitated  by  the  nearly  linear 
nature  of  the  N  -  0  relation.  An  efficiency  curve  *  (?N  was  plotted 
by  multiplying  N  values  from  the  curve  by  the  corresponding  0  value. 

Calculation  of  Friction  Factors.  -  The  experimental  N  -  0  curve  was  used 
to  calculate  K}  arid  K34.  At  about  0  e  2/3  0mep»O*9O  for  Test  190,  the  value 
of  N  was  read  from  the  smoothed  curve: 

N  ®  0.276  at  0  *  0.9 


.  /0.141V 

°  vO. 316  ) 


*  0. 199 


Pd'Po  *  <Pd"Po)  ■  (100.  24)  »  21.68  psi 


From  continuity,  and  with  dj^  as  nozzle  diameter  in  inches, 


IM2 

H 


0.002326  V'N2 


s.g.  d* 


f  vw  0.002326  (44.64)‘ 
2g  "  0.  892  <0. 141)4 

From  JEq.  14,  Appendix  1  or  Chapter  II, 


13,175 


10.04  1-0.398  0. 81  21.68  x  144 


3.61 


0.641 


3.  61 


0.  0396  x  3.61  x  13,175 


K34  «  0. 337 
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From  Eq.  17, 


100.24  x  144 

*1  ■  "~U7T75 - 


*  0. 0956 


From  Eqs,  38  and  39 ,  Chapter  III,  the  jet  or  nozzle  and  tlu*  throat  Reynolds 
numbers  are. 


379.  1  x  44.  64 _  * 

KN  *  0.892  x  5.  7  x  0.  141 


20, 150 


R™  (1  +  Q.9)  20,150  »  17,100 

These  friction  factors  and  Reynolds  numbers  appear  in  Table  4  in  Chapter  III, 
and  are  plotted  in  Figs.  16  and  17. 

■I 

Cavitafion -Limited  Flow  Data.  -  As  shown  by  Figs.  10  to  14,  or  Fig.  19. 
secondary  flow,  and  hence,  flow  ratio  0,  are  independent  of  discharge  pressure 
when  limiting  low  occurs:  N  varies,  but  remains  fixed.  To  measure 
limiting-flow  rates,  Wg^,  versus  absolute  suction  port  pressure,  the  back 
pressure  valve  was  opened  wide  and  p0  was  reduced  in  a  series  of  about  12 
runs  from  atmospheric  to  the  minimum  obtainable  (less  than  1  psig).  This 
was  accomplished  by  evacuating  the  oil  storage  tank  with  an  electric  vacuum 
pump.  Nozzle  flow  rate  was  held  constant;  nozzle  gage  pressure,  of  course, 
decreased  as  the  system  was  evacuated.  The  flow  rates  and  pressure  data 
were  reduced  for  plotting  as  limiting -flow  function  Y,  vs  pQ,  as  shown  below. 

Cavitation  Test  Data: 

Test  No.  141,  Run  No.  8,  3/13/54 

Pump  No.  141/316/308,  b  *  0,2 

Barometer  28,  70  in  Hg,  uncorrected,  14.  0  psia  corrected 

Room  Temperature  76  F 

Oil:  MIL-L-6081  A,  Grade  1005 

Oil  Temperature  100  F.  from  Fig.  43,  s.g.  =  0.  863 

W'jj  a  55.  0  lb /min 
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W'SL  "  30‘  0  lb /min 

Pi  »  142  psig,  corrected,  relative  to  barometric  pressure,  or  156  psi* 

Ptank  ”  -18-  56  la  Hg  or  4.  96  psia 

(multiplying  in  Hg  at  76  F  by  0,  489  to  convert  to  psi) 

p0  =  -21.05  in  Hg.  or  3.  74  psia,  representing  33,340  ft.  (13). 

Pi-P,d  =  156  -  3.  74  -  152.  3  psia 

Pd  «  4.  5  psig  or  18.  5  psia 

.  Pd-Po  *  14°  8  psi 

Eq.  42,  Chapter  IV, 


Y  « 


144  x  2g 


Wsl2  h2 _  , 

144^2gxAj^  (l~b)r 


For  d^j  a  0.  141  in. ,  b  «  0.199,  and  s.  g.  =  0.  863,  this  reduces  to 
Y  =  0.  00293  W’SL2  «  2.  64  psi 

.  'i  1 

This  value  of  Y  is  plotted  versus  pQ  *  3.  74  psia  ih  Fig,  24. 
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Theory  Compared  with  Experimental  Results 
on  Water  Jet  Pumps 


The  approximate  theoretical  approach  presented  at  the  end  of 
Chapter  1  «s  originally  proposed  by  Gosline  and  O'Brien  (5)  and  enlarged 
upon  by  Siepanoff  (11).  It  assumed  that  N  versus  0  is  a  straight  line,  and 
accordingly 


N  «  Nrt  - 


The  theoretical  Eq.  23  for  N  is  considerably  simplified  when  0  =  0,  here 


1+Hq  -  numerator 


(23a) 


The  intercept  cm  the  0  axis,  or  maximum  flow  ratio,  0O>  may  be 
found  directly  from  Eq.  33.  This  is  presented  graphically  in  Fig.  5; 
entering  with  b  and  K34  can  be  read  from  the  curve. 


In  Fig.  45  the  theoretical  curves  No  versus  b  and  0O  versus  b  are 
presented  for  comparison  with  experimental  values  for  N0  and  0o  from 
Stepanoff  (11)  for  water  jet  pumps.  Wife  Kj  =  0.  1  and  K34  »  0.  3,  assuming 
a  high  Reynolds  number  situation,  the  theory  agrees  well  with  water  jet 
pump  data.  Later  (unpublished)  data  from  the  same  author  ham  further  veri¬ 
fied  this  agreement.  Thus,  the  N0  and  0O  relations  may  be  applied  to  water 
jet  pump  design. 


Examination  of  the  family  of  theoretical  N  -  0  curves,  Fig.  3,  shows 
that  at  b  =  0.1  and  0.  2,  the  lines  are  nearly  linear.  But  at  high  b  values  par¬ 
ticularly  0.  5  and  0.  6,  the  N  -  0  lines  are  definitely  concave  up.  Thus,  use 
of  a  jinear  approximation  would  tend  to  be  dangerously  optirhistic  at  high  b 
values.  Here  the  full  theoretical  N  -  0  relation  (Eq.  23)  should  be  used 
for  precise  work. 
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ENEMY  ANALYSIS  OF  JFT  PUMP 

THtOZET/CAl  CMMCTEK/571C  C(/W£  FOX  t>=  0.5 
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FIG  2.  Chi  A  CTEP/S  7/C  CLIME  SHOWING  EFFECTS 

OF  A.  MIXING,  3.  JET,  ANP  C.  FP/CT/ON 
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JET  PUMP  CHARACTERISTIC  CUP  VES 
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Optimum  Design  Area  Ratio,  =  Aj^/A^ 


Maximum  Flour  Ratio 
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Design  Area  Ratio  b  ■  Ap^/Am 


Fig.  5  Maximum  Flow  Ratio  as  a  function  of  Area  Ratio  and  Friction  Factor. 
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Fig,  7  Flow  Diagram  Jet  Pump  Test  Stand 
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JET  PUMP  CHARACTE  FUSTIC  CURVES 
FOR  6  *  4  €0 
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JET  PUMP  CHARACTERISTIC  CURVES 

FOR  6*4-  S44 


PUMP  HO.  /77/Z40/3&S 

t&st  a/a.  /ee 
OIL  c  A7  /&  &  *P 


P/-P*  =  *79.0  7  PS) 

Waj  -  S' 0.0  LB/Mfti. 

B  jp  /  O  *y  A 

r\  fi/  —  .w  t  j  •**  s  +* 


FJG.U  EXPERIMENTAL  RVALUES  is  ^ 
THEORY  S/YORfV  AS  SOLID  LINE 

HULDC  TH 


$6 


JET  PUMP  CHARACTERISTIC  CURVES 

FOP  b  =  0.4- 


PUMP  MO. 
TP  ST  MO- 
0/L  /COS 


J4//22+/23J 
/I'  8 

AT  /66*P 


p;  -  Po  x  99.  ZB  PS/. 

VV  u  a  ¥  A  ,3  JL  B/AA/M. 
Pm  *  £5,8*6 


71 


WAW  TR  55-li+5 


JET  PUMP  CHARACTERISTIC  CURVES 

rof*  b  *  o  a 


POMP  MO,  /4//?/t?/308 
T£~£  T  PO,  /  7& 

0/L  c  AT  t$OmF 


Pt-Pt  *  /ao.osi  ps/ 
WN  -  *3.  /  IB/M/P 

Rn  -  /  9,  2-3  £ 


FI  0 ,  13  EXPERIMENTAL  N  VALUES  vs 
THEORY  SHOWN  45  SOLID  L/A/E 

98 


W6DC  TR  55-143 
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pressure  &mo  N  pressure  rrt/o 


JET  PUMP  PERFORMANCE  kt  FLOW  RAT/D 


oz  - 


KINEMATIC  VISCOSITY 
V.-  0  S 


PUMP  NO  M/&40I44S 

I  b~  0,174 


RN)<JET  RBYN0LDS  NO. 
340 

s//*  4(10 


-mo 


1,7*0 


PI -ft  *40  PS  f 
NJOMi*M C 

TEST  MOS.  38 j  S'&'&Sj 
4>0j  6a, 

OIL i  GRADE  WdE  AND 
BLEND  A. 


OS  JZ  /.& 

HOW  RATIO  (j> 


Rn 

y-Sjibo 

f 

'^y~£iStO 


PuMr  rtQ  wfat/MQ 
b  "0.20 
P,~  f&  -  40  RSI 
MOMML 

TEST  /VOS  72 j  73,  7¥. 


bow  mm  4 

FIG  IS  EFFECT  OF  OIL  VISCOSITY  ON  N  CHARACTERISTIC  CURVES 
Oils  GRADE  toos  AND  BLEND  Aj  30  F  TO  I  GO  F 

SMO  IP.  55=UU3  loo 


NOZZLE  COEFFICIENT 


wiujc  tr  55-143 


101 


7HfidfiT-£»FFtJSefr  COEFFICIENT, 


JET  PUMP  ACTION  COEFFICIENT  K34 

DATA  '  TABLE  4 


'■SYMBOL 

ARFA  RATIO  t> 

■SVM&QL 

AREA  RATIO 

■ 

0,  30 

X 

0,10 

* 

0.*r0 

4 

0 i/33 

A 

6.S3+ 

d 

0./47 

P 

0  60 

0 

0.20 

F/6  17  EXPERIMENTAL  TNPOAT-D/ffUSEP 

COEFFICIENT  VEPSLXJ  REYNOLDS 
NUMBER 

YOU c  TH  55-143 
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EmaeNcYj  percent 


p#£  ssunr  fat/ a 


JET  PUMP  CHARACTER/ ST JC  CUXUES 


PUMP  A/0.  f+t/3/6/306  .  6  •  A.  EO 

o/i  !  K-f/i~JL-?*o8  sya/tfet/c  at  /so°e 

//OSFWLE  PAESSUAS  Pi  *  /10  PS  /  &  , 


X  TEST  A/0.  / 96 


Po  AT  /t4S0  FT.  AIT  y  /»•  »  Ps  M. 
Wf*  *  **.S  /.Q/M/M  Af/s£0tiS& 


©  TEST  A/0.  /3  7 


Ft  AT  /*,t>00  FT.  Air.  * 

V*~  =  45.6  IS/AAi//. 


9.3/  PS/ A. 

a  . .  _  *a  I'M 

?  S  fV  -  ~  - ,  “  -  - 


O  AS  /.0  AS 


El  0  W  FA  7/0  f  m  W*/C/At 
r/6.  /S  DEFECT  OF  AITATU££  PF£'$SUF£ 


TUBS  IR  55-^3 
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-ratio  N  fRESsape  mrm 


SECONDARY  nav-  Ws  AT  f% 

/'DUAL  PJPE  COAW£C7tOUS  ON  EACtT  MOT 


FIGURE  2l  CAVITATION  IN  OIL-JET  PUMP 

W  *  26.5  LB/ MIN  R  » 150  PSIG 

N  I 

TOP-  NOT  CAVITATING,  P-37PSIA  W-IOLB/MIN 

D  • 

BOTTOM  -  CAVITATION  FRONT  BETWEEN  THROAT  TAPS  I  AND  2. 
P-22.5  PSIA  W  *  40  LB/MIN 

o  t 


ViAUC  TR  55-11+3 


*  4 


FIGURE  22  CAVITATION  IN  OIL- JET  PUMP 


W  ■  26.5  LB /MIN 
N 


p.  150  PSIG 


'i 


TOP.  C^rwntw  FRONT  BET^WTHROWJAPS  2  AND  1 


p.  z\  PSIA 

b 


BOTTOM'  CAVITATION  FRONT  IN  DIFFUSER, 
p.  17  PSIA  W  ■  40  LB/MiN 


VQLCO  TS  55-liv5 


107 


1 


i'ig.  23  High  speed  flash  pictures  of  oil  jet  pump  showing  four  stages 
of  cavitation. 

V&DC  TR  55-11*3  108 


/Sc/  A  /VO/J.3f/nJAA07J-VM/+fW/7 


JET  PUMP  LtMiTINC  - FLOW  FUA/CT/ON 

o/l  tank  EVACUATED  TO  CON  TP 01  A* 

0/L  :  GRADE  /OOS  AT  /OQ°F 


symbol 

(P-  FjjPSi 

Tfsr 

£ 

PVM/'  A/ £ 

• 

0 

/OO 

ISO 

/  ¥<e 

/¥/  J 

0.30 

/4//3ta/366 

■ 

a 

too 

/JO 

/£*-  1 
/  S  3  J 

0.3  0 

1 7  3/3/€/ £3  / 

A 

A 

zoo 

)  JO 

/  +  0  I 
128,  123  J 

0.34* 

/  7  ? /£+*/+ 5  3 

r/C  s  *  L/Mt  T/NG  el  O  W  FUNC  T!ON  Y  FOR  TP  REE 

J£T  PUMPS 


1SADC  TR  55-li+J 
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JET  PUMP  L/MITtNG- FLOW  FUNCT/ON 


SUCT/&A/  PORT  TH R0T7’LFO 
TAA/X  PR  ESS  UR£  :  /¥.  7  PS/ A, 
C  /  L:  6 PA  O  £  /  005 


symbol 

tA-k\ps> 

TPMF,  bF  Tc/MF  Pc. 

6 

TP  ST  A' 6. 

X 

/JO 

/CO 

/S/3/S/3&B 

0.36 

/  /  s 

0 

/SO 

/so 

/4//3/S/3dB 

0.  to 

// S 

A 

/SO 

/CO 

zcc/s/c/sc  7 

o,/o 

/*  * 

□ 

/SO 

/CO 

/  f //3  9  9/s// 

0*/33 

/  3Z 

SO 

/CO 

/CO 

/  +//j3  7/ J// 

/,/ 33 

12! 

F/C.iS  LJMJTING-FIOW  P£SUIT$%  OPTA//VSD  ST 

THPOTTL/NG  TP£  SVC  77  OR  PORT  TO  CCA/  TP  01  A 

SSUW  ffi  y'pihp  11Q 


"  rn — iTimririiMn  mini  n 


SJM  /  -r/A/6  -  Fl  0  W  FU NCTfOA/  Y  PS/. 


JET  PUMP  LIMITING  -  rLOW  FUNCTION 

0/L  TANK  EVACUATED  TO  CONTROL  A. 
PUMP  NC.  /* //3/6/308  t  t  =  0,206 

SYMBOL  o/ L.  TFMP.'F  (p.  ~/>c)}  AS7  TEST  NO. 

0  &  RAPP  LOOS  /C-0  /CO  1 4 4,  J4 S 

y  SYNTH  TT/C  / so *  100  /s9 


S UQ  T t  OA/  PORT  (am*  tank)  PRESSURE  PS/A, 


r/6.  P£  i/Mtr/NG  -PLOW  RESULTS  FOR  HYDRO  - 
C  ARB  OH  A  HD  5  YAITHET/C  l  U8R  fCAT/NG  O/LS 

TUDC  tr  55-lii3  nx 


JET  PUMP  UM/T/M6- FLOW  FUNCT/ON 

OU  /r A /VAr  SVACUATSD  TO  CONTROL  Pc 
P  UMF  NO,  /*  //s/s/so  a 
OU  :  M /L-  L-  730  8 9  SYMTPST/C  AT  JSO°F 
(P/  '  Pc )  »  /60  PS/. 

TP  S  TS  NO,  :  /69t  /3‘3 


F/G  P7  /  NC  PS  AST  /N  L  AM/  77/V  G  FLOW  APTS  R 
RSMCVAL  OP  0/SS6LYSO  A/P 


TOU3C  fll  55-1U3 
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J£T  PUMP  P£ RFC  PM  A  MCE  vs  A/02?  I  £  FLOW  RATE 


J /rr  pump  /vo,  /ee/24o/*ss 

T P’S  TS  A/C.  1*3,  SO 

0/L  &PAD£  ZOOS ;  TSMPCRATVPP  7 C'F 
SAC/C  PFFSS  i/FF  P,t  a  3.S6  PS/ tf. 
S/i>£  POST  PPFSSUPF  A  «  /*,/  PS/A. 


1/MiT/NG  -FI  0  iV 


P/6,  28  SHOW/ A/6  FOUR  COKOJT/ONS  OF  FLOW.  ROTS 
fi  FLAT/  ON  OF  PFAK  FFF/C/FNCY  TO  L/Af/ T///C  -  FLO  W, 


WAJJC  TR  55-U+5 
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//VIST  PHFSSC/FF  ,  P:  PS/G. 


Z  J  M  IT  /  M LOW  FU  MCTJ&rt  ,y  PS/ 


J£  ?-  PUMP  l  /M/  T/A/6  -  FI O  W  FUMC  T/OA/ 

0  JL  TA  UK  £  V  A  C  UA  T£  D  TO  CO  A/TPOL  A 
OIL  :  (xRA£>£  AOOS  AT  /O0*P. 

PUMP  A/0.  /+//3/$/30S  ,  TfSTS  /43  j  /*? 

/>/  -A)  *  *0  PS/Gr. 


f/&.  £3  Y  versus  PD  PPG  PI  TCG  7"  YJiTH  LG'A'  JCT  VPIOC/TY. 

PPP  POP  MA  UC  £  LhVAPP&C  T£D  0  C  L  /M/T/ALG-PL  CW  PGP  At>  /G  ASIA. 

ViCA.DC  TR  53-11;?  114 


ALT*  T 1/0JT  CF/L/A/6  ,  FT. 


J ET  PUMP  AlTiTUDE  CE/l/NG 


//0&X/.R  PAfSSi/FF  BROS*  }(h.  -  K)  &/ 


F/S.30  Air/raot  cf/l/a/&  vsrsus  a/c^z/f  PRrssy#s  prop. 
B0TT6MT  cuavss  S//CW  6 A/M  PROM  RFCL/Q/MQ  FLOW  FAT/ C. 

mm  ?r<  55-1^3  11$ 


svcr/as/  fort  ppessupf  .  p0  ps/a. 


JET  PUMP  ALT/TUDE  C  PAPA  CTEP/J  T/C  S 
ALT/TUDE  ‘  60,000  FT, 
assuming  :  ai  r stupe  =  go,  coo  ft }  A  = 

/  -  0,  <Ttf  A 

?V  =  ^  M  /<?  Af*  CEA/r) 

F  Atvp  f  VALUE'S  TAK  FA/  FA0U1 
FES  TS  /  73,  /  73,  /S3,  /*£,  /£€,  /  €* 


F/r>,  3/  E/-CW  #AT (O  A/VO  MAXIMUM  PUMP  PPESSUFES  VS  & 
FOP  0  PEP  AT/ ON  AT  60,000  FEET. 

MUG  TR  55-H+5  116 


HA  TfC  OF  OPT/ MUM  NOZZLE  ~  THROAT  SPA  C/NS  TO  NOZZLE  P/AM.  % 


OPT/ MUM  NOZZLE  -  THROAT  SPAC/A/G 
FOR  FOUR -D/A/WETER  THROAT  LENGTH 


F/6.  32  Q  FT/ Ml/M  NOZZLE -THROAT  ,SPAC/A/6  VERSUS 

AREA  PAT/O,  H  to  H JET  RE/NOL  OS  NUMBER ,  faer 

WA.DC  TR  55-II4.3  m 


L/Afi/T/A/G  -PL  OW  Pt/A/CT/O//  }  Y  PS/. 


J£T  P/JMP  L/M/T/NG  FLOW  FUNCT/ON 


0/L  TANK  £  VAC  UATFO  TO  COWTPOL  A> 
PL'AAP  A/ 0.  Z4//3  /&/  VAR.  S y  6  -  OJZ  . 

0/L  :  M/l  -  L  -  7 8 0 &  ,  S  YA/TAYPT/C  AT  /so*/ 
-  /oo  ps/. 


SUC7/ON  port  (A  A/p  tank)  RRFSSURE  ,  At  PS/A. 

P/6.  33 ,  £PP£  CT  OR  A/&ZZLP  -  TFR  OA  T  SPA  C/  A/  & 

OAV  l/AA/T/PS  -FLOW  FLY /VC  T/  ON 

V/ADC  TH  55-1^3 
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L 


0/L  SUPPLY  7AUK 


m 


VARIABLE 

SPEED 


0/L  P07AME7EP 
I - hi  (Ws) 


A/P  P0TAME7EP 
(«« 


m 


VO/?  TEX 
SUMP 


MANOMETER 


PPESJUPE 

CONTROL 


i — —W 

0/L  ROTAMETER  (Wn) 


JE7  PUMP 


(  )  GAGE 

(P,) 


MANOMETER 

(&) 


F/G.  34  JET  POMP  TEST  STAND  MOD/E/ED  POP  A/P  TESTS 


SCALE:  > - - 

THE  PENNSYLVANIA  STATE  COLLEGE 

DRAWN:  CPU. 

DEPARTMENT  OF  ENGINEERING  RESEARCH 

U,K  IH1  __  ,  I  _ 

K*  ®  n»MWu  v«ADC  TR  55**l43 
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PRESS URE  fiA  T/6  -A/  A  uo  PUMP  FFFiC  i£NC  r 


JET  PUMP  PERFORMANCE 
vs  FLOW  RATIO 

JET  PUMP  .VO  / 06/3/6/3 07 
TEST  NO-  iOO  JA/V.  ??,/9S4 
O/L'BLEA/D'E  TEMP.  2 OOF 
VISCOSITY  •  6.7  CEfVT/STOKES 


FI  6,  35  PERFORMANCE  CHARACTERISTIC 

CURVES 

7/ADC  TP.  55-143  120 


AIR  FLOW  ATS/DE  PORT,  <3*,  CFM/A/TPJ 


JET  PUMP  WITH  TWO- PHASE 
SIDE  FLOW 

PUMP  NO.  / 00/316/ 3 07  ,  6  *  O./O 


TEST  NO.  /CO 

OIL  ' BLEND  V  AT  ?6o*P 

Wn  -  IB/M/N. 


c.sOr— -  Pi  --  4  0.0  PS  IQ.  NOMINAL 

Ws  *  /S.3  LB/ NUN. 

i  l  y’f /  )  N°  AJR  FLOW 


WADC  TR  55-1^3 


JET  PUMP  WITH  TWO- f  >  ‘ASF 
5/DE  FLOW 

PUMP  NO ,  /CO/ 3/ 6/3  07  ,  =  0 /<? 


TEST  NO.  101 

OJLi  BLEND  *B'  AT  E0O°f 


PRESSURE  PAT/O  ;  //*<, 


Ft  6. 37  A/P  FIO  W  VS  N* ,  b  *o./0  t  WITH 
H/6N  JET  VELOCITY 
VOU)C  TR  55-143  122 


T  PUMP  WITH  TWO-PHASE 
S/DE  FLOW 

PUMP  /VO.  / 4- 1/ 3 / 6/ 3 Q 8  ,  6  0.3  0 

TEST  NO,  88 

0/L  :  BLEND  F  AT  2  00°r 

W'h  =  2S.8  LB/ MIN, 

Pi  ^  40.0  PS/ 6.  NQM/A/AL 
Ws  =  20.3  LB/M/N, 

t  }p°  a/p  now 

N  -  O.  fS  6  J 


RERRORMAA/C E  W/TH  A/ ft  EA/TRA/NED 
IN  PR /MARY  0/1  STREAM 


A’O'/WP  A/O. 

/  4// 3/0/ '-306 

i 

,  x>  « 

0.2 

0/L  .'  M/l  -  l 

-  ?80&  ,  SYNTH  FT/C 

/  A7 

N  CM /A/A  L 

A  =  /3.G  PS/ A. 

SYMBOL.  7£ST  NO. 

<A-*)a-o 

Wm 

$ 

O 

zh 

40 

28 

0.8 

X 

2/3 

40 

28 

o 

A 

2/0 

80 

40 

0.8 

0  2  <9  44  €0  60  /Od  X20 

X  o  ,  A  F*A  77  0,V  AT  A/022LF  B/SC//ABSF ,  PJTB  CFHT 

A/6\  4  0  FFFFCT  OF  A  F  RATIO  A/  OH  NOZs.iF. 

PHFSS  <//*£  CHOP 


v/ADC  TP.  55-11+3 
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P£#FCP,.MAA/C£  VJ/Tp  AJP  £N TRAfNED 
//V  PP/MAPY  0/1  ST  PE  A  /V/ 

PO/MP  MO.  /4//3J  e/jos  ,  £  -  0.2  0 
OIL  :  tvtJL  -L  - 7606  ,  s  YA'TP£T/C  }  AT  /JO  *F 
A/OM/A/Ac  pa  si  /3.6  PS/A . 


5  YMBOL 

T£S  7  MO. 

(*  - 

W* 

t 

P,  ASM 

Q 

2/1 

40 

28 

0.8 

/3A6 

A 

2/0 

80 

40 

0.8 

/a.  TO 

k 


F/6.  4/  PFPF/T  OF  A/02Z/F  F/OW  At PA  T ! ON  6  A)  OUTLET 
PPFSSi/FF  P/S  £  AM  JO  PUA4P  FFP/C  /FP/C  Y 


VlATiC.  TR  55-11,3 
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SOI® 


Fig.  42  Relation  of  Optimum  Area  Ratio  to  Flew  and  Preeeu ffe 
Ratios.  Experimental  values  of  'Jmep  and  Nmep  from 
Table  3  (Ki  values  0,07  to  0,2*  K34  0.15  to  0,45), 


VIADC  TR  55-1U3 


temperature,  decrees  Fahrenheit 


TEMPERATURE.  DEGREES  F,! 


THEORY  COMPARED  WITH  E3  F  SRIMENT  AL  RESULTS 
ON  WATER  JE  1’  PUMPS 

DATA:  REFELBt  U 


Solid  Line  Curvea  I.epi  i Theory 
with  Kj  *  0.1  ard  X^.x  :  P  3 


Tig.  45  Theoretical  Preset.  s-Ai:  ierence  Rati  x  at  Zera  Flow 
Ratio,  NOP  and  Mai  -r-v  r  Flow  Ratio,  0O,  versus 
Area  Ratio  b.  Data  V-cwAte  from  Stepav  off  (11). 


AO 
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